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Fig. 1.1. A young shoot of Nitella tasmanica grown for several days in the 
presence of the microtubule inhibitor oryzalin. The abnormal growth of these 
cells as spheres rather than as cylinders dramatically illustrates the importance 
of microtubules in plant cell morphogenesis. 
11 
.... 
STATEMENT 
All research reported in this thesis 
is original and my own, 
except where acknowledgement is given, 
and has not been submitted 
for any other degr~e. 
G. 0. Wasteneys 
I 
-
I II 
I 
I 
u 
This thesis is dedicated to the memory of my Grandfather, 
Professor Hardolph Wasteneys, 
for his valuable contributions to the field of Biochemistry, 
for inspiring many others in similar pursuits, 
and in recognition of his early years spent in Australia. 
I 
I 
I 
i 
: 
J 
i 
ACKNOWLEDGEMENTS 
It has been a pleasure to be part of the Plant Cell Biology Group (formerly Developmental 
Biology) at the Research School of Biological Sciences. For this I am especially grateful to Brian 
Gunning who - despite a winter storm - flew in to snow-bound Ottawa for a few hours one day in 
February 1984 to tell me about his research group in Canberra. As one of my supervisors, he has 
provided helpful advice throughout the project. In particular, I would like to thank him for 
assistance with various software packages which provided an interesting diversion and for reading 
and commenting on parts of this manuscript. 
My principal supervisor, Richard Williamson, provided an attractive research proposal and 
an excellent system to work with. I have greatly enjoyed our many worthwhile discussions 
throughout the project; his input was fundamental for the project's success. I also thank Richard 
for incredible expediency in reading this manuscript and for his "soft pencil" comments. 
Adrienne Hardham was probably responsible for getting me interested in plant cells as far 
back as 1979. While demonstrating hand sectioning in a second year plant anatomy lab she was 
horrified by my roller skiing blisters and this incident led to an enduring friendship centered 
around cross country skiing and plant cells. In her capacity as advisor, Adrienne has readily 
dropped what ever she happened to be doing in order to discuss important revelations concerning 
cortical microtubules. In particular I wish to thank her for advice on thesis preparation and for 
commenting on that all important concluding chapter. 
One of the highlights of this thesis is its quantitative approach. Meaningful presentation of 
many months worth of accumulated data required someone with a special talent for computing, 
especially for data transfer between incompatible systems. I am therefore greatly indebted to 
Michael Savage for his contribution of skill, time and energy to various aspects of this project. I 
am also grateful for his interest, encouragement and for the use of his computer. 
Peter Jablonsky was responsible for tubulin purification and biotinylation procedures and for 
carrying out the turbidimetric assays. Having a resident biochemist and volleyball coach has been 
a great asset. 
There are many others who have been of tremendous assistance, both during the course of 
research and in the preparation of this thesis. Some of them include: Ursula Hurley, for teaching 
me the famous perfusion technique and for accompanying me on numerous fishing trips for 
Nitella; Janet Garst, for advice and encouragement throughout thesis preparation and for being an 
understanding tennis partner; Franz Grolig for help with electrophoresis work and for sharing 
ideas, new methods and an office; Jean Perkin, for showing me how to run gels; Brenda 
Ballentyne, for teaching me the ins and outs of Mass-11; Cathy Busby for advice on photographic 
plate preparation; Sally Stowe, for help with image analysis and for finally disposing of the 
Kontron; George Weston, for help with electron microscopy; Maureen Whittaker, Garry Hanson 
and James Whitehead of the photography unit for reproduction of photographic plates; Pat 
Wilkinson for organizing my financial matters - in spite of having an office decorated from floor 
to ceiling with paper work; Jadwiga Duniec, for Mowiol preparation; Jan Elliott for providing 
antibody supernatants; Ross Cunningham, for statistics advice; Dave Brown and Daina Simmonds 
for helpful discussions during the preparation of the manuscript; Anne Oeary for sharing her ideas 
on cell "corners"; John Harper, Ros Haggart and Dave McCurdy for advice on thesis preparation; 
Mary Webb for careful proof-reading and finally, Moira Galway, for taking time during her 
holiday to read Chapter 5 and for many provocative conversations. 
l 
i 
11 
ABSTRACT 
This thesis details an investigation of microtubule organization in a convenient 
experimental model - the giant internodal cells of the characean algae. 
Two locally available, indigenous Australian charophytes, Nitella tasmanica and 
Chara corallina were chosen for this work. The internodal cells of these species were 
found to be particularly well suited for such studies on account of their large size, which 
allows an accurate growth assessment to be made and also makes them amenable to 
manipulations and microscopical examination. Their uniform and predictable growth as 
highly elongated cylinders implies an anisotropic wall texture which, in turn, may be 
governed by a highly ordered array of sub-plasmalemmal microtubules. 
Immunoblotting extracts of internodal cells with a variety of antibodies verified the 
presence of tubulin, the major component protein of microtubules. An 
immunofluorescence technique, utilizing vacuolar perfusion was refined so that the 
distribution and arrangement of microtubules could be determined. This method enabled 
microtubules to be observed with a high degree of resolution, sufficient for quantitative 
analysis. 
Microtubules were detected predominantly in the cortical cytoplasmic region 
between the chloroplast layer and the plasma membrane. Microtubules were also detected 
under the chloroplast layer, in the subcortical region occupied by the prominent actin 
cables and to some extent also associated with the numerous endoplasmic nuclei. 
Alignment of the subcortical microtubules in the same direction as the actin cables 
suggests some association between the two cytoskeletal elements. Anti-actin 
immunofluorescence also detected ring-like structures associated with nuclei but there was 
no evidence for any association between these elements and microtubules. Actin 
filaments were not observed in association with the cortical microtubule array. 
In young, rapidly elongating cells, cortical microtubules were predominantly aligned 
perpendicular to the long axis. Microtubules were still present in older, non-growing cells 
but lacked any preferred orientation. Production of inner wall replicas for electron 
microscopy showed that the most recently deposited wall microfibrils had similar 
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arrangement to cortical microtubules in the same cells, that is, with transverse alignment 
in elongating cells and an apparently random organization in non-growing cells. 
Using immunofluorescence and an image analyzer, the length and orientation of 
microtubules in Nitella internodal cells fixed at known stages of growth was described 
quantitatively. Microtubules were generally more numerous and of greater mean length in 
growing cells than in non-growing cells. The microtubules of the youngest, rapidly-
growing cells, however, were shorter than those of older, more slowly growing cells. 
They also showed little sign of overlapping with other microtubules suggesting that 
maintenance of transverse orientation need not depend on intertubule cross-bridging. The 
median orientation of microtubules in young, rapidly growing cells was found to be truly 
transverse with respect to the cell's long axis and unrelated to the helix described by its 
major cytoplasmic features (the chloroplasts, actin cables and the direction of cytoplasmic 
streaming). The dispersal of microtubules about this angle gradually increased as the 
relative growth rate declined , supporting the view that microtubule orientating 
mechanisms may be regulated by the rate of cell growth. Non-growing cells had a slight 
preponderance of longitudinal microtubules that was most pronounced just after growth 
cessation. 
A comparison of cortical microtubules in Chara corallina and Nitella tasmanica 
internodal cells showed a similar organization at most stages of development but 
considerable differences were detected during the period of growth cessation. Instead of 
increased dispersal of microtubules about the transverse axis as observed during this 
transition period in Nitella, Chara microtubules retained their local parallel order but 
became variously oriented in different regions of the cell such that the array became a 
mosaic of transversely-, obliquely- and longitudinally-aligned regions. The two cell types 
showed nearly identical morphogenetic development so the difference in microtubule 
organization may represent a diversity in alignment mechanisms. 
The dynamics of microtubule assembly and alignment was assessed by following the 
reestablishment of the cortical array of Nitella internodal cells after inhibitor-induced 
disassembly. The plant tubulin-specific dinitroaniline herbicide oryzalin proved effective 
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for these experiments. Recovery was analyzed both qualitatively and quantitatively for 
young, rapidly elongating cells. This detailed analysis suggested that assembly and 
alignment may be separate processes and that the survival of some transversely-aligned 
microtubules is unnecessary for the reestablishment of transverse orientation. Comparing 
recovery in cells at different stages of development showed that the mechanism that 
operates to align microtubules transversely is only active in growing cells. 
Microtubule assembly during recovery from oryzalin treatments occurred principally 
in the cortex but assembly was also detected in the endoplasm. Anti-tubulin-specific 
labelling of sites on the surface of nuclei suggested that microtubule-initiating material 
may be found at these locations. A semi-in vitro assay of microtubule assembly sites was 
subsequently carried out by perfusing Nitella internodal cells - depleted of their 
endogenous microtubule proteins - with tubulin purified from sheep brain tissue. Tubulin 
was supplied in a buffer that would only support microtubule assembly in the presence of 
specialized assembly-promoting sites or material. This procedure resulted in microtubule 
assembly in both the cortex and endoplasm, suggesting that initiating factors are present in 
both locations. This verified, for the first time, the existence of assembly promoting 
elements in plant cells. 
The results described in this thesis are incompatible with some of the models that 
have previously been put forward to explain how the cortical microtubule arrays of plant 
cells could be organized. These aspects are highlighted in the concluding discussion and 
some alternate proposals are presented. 
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1.1 PREAMBLE 
Microtubule (MT) organization is relevant to several aspects of plant cell 
morphogenesis, from the demarcation of future division planes to the regulation of 
cell shape. Organization of MTs into parallel arrays near the plasma membrane is 
believed to coordinate a similar pattern of cellulose microfibril (mf) deposition 
which constrains the expansion of the cell wall in predominantly one direction. 
This process is fundamental in the growth of cells with specific shapes and 
ultimately contributes to the morphology of the particular tissue, organ and 
orgamsm. 
Major changes in emphasis in the field of MT research have resulted from a 
recently improved understanding of MT assembly and disassembly. These 
concepts provide an essential background for any study on MT organization but 
have not yet featured in the current models on how cortical MTs are organized in 
plant cells. Instead, these models are dependent on structural evidence from 
electron microscopy (reviewed by Gunning & Hardham 1982) and more recently 
from fluorescence microscopy (reviewed by Lloyd 1987). The primary objective 
of this introductory chapter is to outline the current concepts on MT assembly 
behaviour - with especial consideration for the most recent studies - as no such 
review is presently available. Plant MT research is also briefly discussed in terms 
of the organization of cortical arrays which are implicated in cell wall deposition 
and morphogenesis. 
1.2 MICROTUBULE ORIGIN AND FUNCTION 
The emergence of the nucleus in cells one billion years ago probably marked 
the beginning of MTs as they are known today. It is thought that the first 
eukaryotic MTs may have arisen through associations of proto-eukaryotes with 
spirochete bacteria, prokaryotes that possess MTs with tubulin-like subunits 
(Margulis et al. 1978). How spirochete MTs could have been acquired is not 
3 
completely clear. It has been suggested that if spirochetes were phagocytosed but 
not digested by their proto-eukaryote "hosts", their MTs could have become 
utilized in various cellular processes (Kunicki-Goldfinger 1980). Undulipodia 
(flagella and cilia) are thought to have developed from MTs and MTOCs already 
present and functioning in eukaryotic cells (Pickett-Heaps 1974; Cavalier-Smith 
1975, 1978) or alternatively to have arisen through symbiosis between spirochetes 
and host cells (Margulis et al. 1979, 1981). Recently, Szathmary (1987) has 
proposed that cytoplasmic MTs may have been incorporated into proto-eukaryotic 
cells from phagocytosed spirochetes (Kunicki-Goldfinger 1980) whilst 
undulipodial MTs may have developed in a separate event from ectosymbiotic 
spirochetes. 
From the time that MTs were first recognized as ubiquitous elements of 
eukaryotic cells (Slautterback 1963), many diverse functions - primarily of a motile 
nature - have been recognized. Locomotor functions of MTs include flagellar and 
ciliar activity, ameboid movement by bulk flow of cytoplasm and tissue cell 
movement. MTs are also involved in intracellular traffic regulation including 
meiotic and mitotic movement of chromosomes, endo- and exocytosis, positioning 
and transport of organelles, pigment distribution in melanophores, axonal transport 
in nerve cells and cytoplasmic streaming. Finally, MTs are involved in 
morphogenetic functions including the determination of di vision planes (in 
cytokinesis) and the establishment, maintenance and modification of cell shape and 
polarity. 
1.3 PROPERTIES OF MICROTUBULES 
1.3.1 Structure 
Cytoskeletal elements can be identified from electron micrographs according 
to their appearance and size. In contrast to micro- and intermediate filaments 
whose diameters measure approximately 6 and 10 nm respectively, MTs appear as 
II 
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hollow cylinders that are between 19 and 27 nm (McEwen & Edelstein 1980) in 
diameter (30 nm when X-ray diffraction analysis is used; Mandelkow et al. 1977), 
with a wall thickness between 5 and 7 nm. MT length, as determined from in vitro 
(Bonne & Pantaloni 1982) and in vivo measurements (Hardham & Gunning 1978; 
Bray 1979; Tsukita & Ishihawa 1981; Lloyd 1982) is generally in the order of 5 to 
20 µm. The wall consists of a helical array of tubulin protofilaments, aligned in 
parallel; protofilaments can be distinguished in electron micrographs when tannic 
acid is included in the fixative (Mizuhira & Futaesaku 1972). The number of 
protofilaments per MT - easily determined from MT profiles - is commonly 13 but 
there are many exceptions both in vitro and in vivo (see review by Unger et al. 
1986). MT-associated proteins (MAPs) adhere to the outer MT wall and can 
assume various configurations. A clear zone of at least 10nm separates MTs even 
when they are organized in bundles. This exclusion zone could be caused by 
electrostatic repulsion between tubulin of adjacent MTs or may be due to 
associated proteins projecting from the MT surface. 
1.3.2 Tubulin 
Tubulin, the major subunit protein of eukaryotic MTs, was first recognized for 
its binding affinity with colchicine, an alkaloid derived from the higher plant 
Colchicum autumnale. Colchicine was recognized for its anti-mitotic effect as 
early as 1889 (Pernice 1889; for historical review see Dustin 1984), a property that 
led to its use in karyotyping (Tjio & Levan 1956) and the production of polyploid 
plants (Blakeslee 1937). Interestingly, other colchicine-mediated effects such as 
shape changes in plant cells (Gorter 1945) appear to have received relatively little 
attention. Spindle fiber proteins were thus obvious binding sites for colchicine and 
this was confirmed by Taylor (1965) who suggested MTs could be the target. 
Isolation and characterization of a "colchicine-binding" protein (Borisy & Taylor 
1967 a & b) and the discovery that the same protein was found in many non-
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mitotic cells (Weisenberg et al. 1968) implicated MTs (by then recognized as 
ubiquitous organelles of diverse function - Slautterback 1963) as the source. The 
acceptance that the "colchicine-binding protein" was microtubular in origin 
(Shelanski & Taylor 1967) led to the adoption of the name "tubulin" (Mohri 1968). 
Tubulin, is in fact a dimer with the a and p moieties present in MTs in 
equimolar amounts. a- and P-tubulin combine to form heterodimers, the 
functional units of MT assembly. These in turn link in series to form linear chains 
of alternating a- and P-tubulins known as protofilaments. The two tubulins have 
up to 50% homology in amino acid sequence (Ponstingl et al. 1983) which 
suggests that they are derived from a common ancestral protein. They are also 
similar in size; a molecular weight of about 50 kD has been determined from 
amino acid sequencing (Lemischka & Sharp 1982; Valenzuela et al. 1981 ). P-
tubulin, with 445 amino acids has slightly greater mobility in SDS-PAGE (Bryan 
& Wilson 1971) than a-tubulin (450 amino acids) but the reverse occurs with plant 
tubulins (Morejohn & Fosket 1986). The carboxy terminal end of both a- and P-
tubulin is extremely acidic, a feature that may be important for the binding of 
associated proteins (which are basic) and cations. In addition to specific sites that 
are involved in linkages within (longitudinal) and between (lateral) protofilaments, 
tubulins have binding sites for various agents influencing assembly including 
guanine nucleotides and MAPs (Vera et al. 1988) and also for MT poisons such as 
colchicine. Although the tubulins are remarkably conserved throughout evolution, 
many organisms possess several isoforms of both a- and P-tubulin. The functional 
implications of this phenomenon are discussed in section 1.4.10. 
1.3.3 Microtubule-Associated Proteins 
Microtubule-associated proteins (MAPs) and tubulin are related 
stoichiometrically and will co-purify through repeated cycles of assembly and 
disassembly in vitro (Borisy et al. 1975; Stearns & Brown 1979). MAPs are basic 
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molecules that adhere to the outer surface of the MT wall; they comprise a 
significant proportion (about 15 to 25%) of the overall MT structure (Hyams 
1982). In some cases they form projections that may be involved in the spatial 
distribution of MTs or in cross-linking MTs with membranes, organelles , other 
cytoskeletal components (microfilaments, intermediate filaments and myosin) and 
other MTs. The role of MAPs in MT assembly and stability is discussed in section 
1.4.9. 
Just as tubulins have many isoforms, it is logical that MAPs could also show 
variations necessary for specialized MT properties in certain organisms and cell 
cycle-dependent functions. The potential variation of MAPs among different 
organisms is therefore very large. To date, MAPs have been characterized mainly 
in higher animal cells; the ubiquity of these particular MAPs in other organisms is 
therefore uncertain. MAPs may be isolated from MT protein extracts by high salt 
treatments and DEAE-Sephadex or phosphocellulose chromatography and 
categorized according to molecular weight. Accordingly, mammalian MAPs are 
divided into three major groups: the high molecular weight (HMW) MAPs (more 
than 200 kD), the low molecular weight (LMW) MAPs (28 to 30 kD) and the Tau 
fraction (58 to 65 kD). Two HMW MAPs have been characterized most 
extensively. MAP-1 (345 kD) is an elongated molecule that forms side arms in 
vitro (Vallee 1982) and is suggested to be a MT-membrane cross-linker. MAP-2 is 
a doublet molecule (286 and 271 kD) that is L-shaped, with the short arm 
connecting to and the long arm projecting from the MT wall. MAP-2 is credited 
with many functions including the interaction of MTs with micro- and intermediate 
filaments (Sattilaro et al. 1981; Griffith & Pollard 1982; Pollard et al. 1984; 
Yamauchi & Purich 1987; Yamauchi & Fujisawa 1988) and MT stabilization 
(Berkowitz & Wolff 1981; Schliwa et al. 1981). It binds strongly to phospholipids 
(Murthy et al. 1985) - which suggests that it may also be involved in the cross-
linking of MTs to the plasma membrane - and it also appears to be phosphorylated 
' 
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by protein kinases. The LMW MAPs probably are associated with MAP 1 and 
may modulate its function in the promotion of MT assembly (Vallee 1982). The 
Tau fraction consists of 5 proteins of similar molecular weight. They are elongated 
molecules that appear to be involved in MT assembly (Fellous et al. 1977; 
Weingarten et al. 1975; Murphy & Borisy 1975), stability (Berkowitz & Wolff 
1981; Schliwa et al. 1981) and in cross-linking MTs with actin filaments (Griffith 
& Pollard 1982). 
Some MT-binding proteins are ATP-sensitive and may be involved in motile 
processes. Dynein, for example, mediates mechanochemical interaction between 
adjacent subfibers of outer doublets of cilia and flagella, resulting in inter-MT 
sliding. A 300 kD protein with dynein-like properties has also been isolated from 
brain cell extracts (Koszka et al. 1987). It has been suggested that this protein 
could represent a cytoplasmic dynein variant. Kinesin is a 110 kD polypeptide that 
generates force along MTs in one direction (Vale et al. 1985a, 1985b; Porter et al. 
1987; Saxton et al. 1988) and may be involved in axonal transport. A HMW 
polypeptide, designated HMW4 (Hollenbeck & Chapman 1986) could be 
responsible for axonal transport in conjunction with kinesin. 
Several novel MAPs have recently been isolated from brain tissue (Parysek et 
al. 1984; Huber et al. 1986; Riederer et al. 1986; Koszka et al. 1987) and also from 
other sources (Gard & Kirschner 1987; Vale & Toyoshima 1988). At l~ast three 
tubulin-binding proteins have been detected in extracts of mung bean (P. P. 
Jablonsky, personal communication). One of these is a 125 kD polypeptide that is 
implicated in the bundling of MTs (Cyr & Palevitz, in press). The other two are of 
low molecular weight, one in the 70 to 75 kD range, another is a dimeric 
polypeptide of 66 kD (33 kD monomers). It has been speculated that this latter 
MAP may have MT organizing properties (see section 1.6). Whether any plant 
MAPs resemble the MAPs characterized in mammalian tissue is uncertain but 
Jablonsky has recently isolated a polypeptide with MT binding properties from 
I 
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Chara using SOS-PAGE purification that appears to have a molecular weight 
greater than 150 kD. 
1.4 MICROTUBULE ASSEMBLY 
1.4.1 Nucleation and Condensation 
The formation of MTs involves the polymerization of tubulin subunits in 
concert with associated proteins in a complex process that can be divided into two 
major steps, nucleation and condensation. Nucleation is a slow reaction involving 
the coming together of tubulin subunits accompanied by associated proteins to 
provide a MT 'seed', capable of further end-wise addition of subunits by the 
second condensation reaction. Nucleation may also be used somewhat confusingly 
to refer to the growth of MTs from existing MT seeds or from non-MT nucleating 
sites (the so called MT organizing centers of many cells). In this case, the 
initiation of assembly will occur much more rapidly as condensation can start 
immediately. Assembly will be limited by the number of nucleating sites 
available. That elongation can not occur without a prior nucleation event ensures 
that functionally-sound MTs are constructed. Unrestricted condensation would 
lead to haphazard polymerization, resulting in aberrant structures that are incapable 
of normal behaviour. 
The relative activities of nucleation and condensation determine an important 
parameter of MT populations: the ratio of MT number to polymer length. With 
subunit concentration relatively constant, increased incidence of nucleation would 
increase the total number of MTs but average MT length would decline. 
Alternatively, an increase in condensation reactions under similar conditions would 
result in fewer MTs of increased average length. 
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1.4.2 In Vitro Assembly 
The discovery that tubulin, extracted from various sources, is capable of re-
assembly in vitro (Weisenberg 1972) has greatly improved our understanding of 
many aspects of the MT assembly process. Because the simulated physiological 
conditions can be easily controlled, it is possible to determine how various factors 
that are important in MT assembly operate. Moreover, the structural aspects of the 
assembly process can be followed with microscopy, turbidimetry and X-ray 
diffraction to provide a detailed description of the structural events that take place. 
Assembly of MTs in vitro is characterized by three phases: an initial lag phase 
involving nucleation, followed by a period of elongation in which MT length 
undergoes rapid increases and finally an equilibrium phase or steady-state in which 
MTs undergo both elongation and shrinkage. In addition to tubulin dimers and MT 
polymers, intermediate assembly products have been identified. These include 
closed rings (Pantaloni et al. 1981) composed of tubulin and MAPs (Kirschner et 
al. 1974; Weingarten et al. 1975; Vallee & Borisy 1978) and short, protofilament-
like fragments (Mandelkow et al. 1980) or oligomers. From X-ray diffraction 
analysis, it has been established that the ring structures are not the basic MT 
template from which elongation can proceed. Instead, rings appear to break down 
into oligomers that subsequently form MT seeds (Mandelkow et al. 1980), 
presumably by lateral bonding and the attachment of associated proteins. 
1.4.3 In Vitro Assembly Conditions 
In vitro experiments have established that MT assembly is only possible 
within a very narrow range of conditions. The essential requirements include an 
adequate tubulin concentration, the presence of MAPs or non-physiological 
stabilizers, sufficient GTP and Mg2+ and a low concentration of Ca2+. 
Temperature, pH and ionic strength are also important factors for in vitro MT 
assembly. Assembly occurs optimally around pH 6.9 and deviation from this 
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condition leads to disassembly (Regula et al. 1981) or unusual MT structure 
(Matsumura & Hayashi 1976; Burton & Himes 1978). Temperature affects both 
kinetic (Barton et al. 1987) and structural aspects of MT assembly (Pierson et al. 
1979; Mandelkow et al. 1980). At low temperatures, abnormal assembly products 
are usually produced but by increasing the temperature, MT nucleation and 
'normal' assembly can proceed (Bordas et al. 1983; Mandelkow et al. 1988). 
Conversely, sudden temperature drops cause rapid disassembly. Similar 
temperature-mediated effects would be expected to occur in vivo yet there are 
many organisms that maintain normal MT behaviour in a wide range of 
temperatures. It is presumed in these cases that factors such as glycerol enable MT 
arrays to assemble and operate under extreme conditions. 
Ionic strength must be carefully regulated. Monovalent salts at high 
concentrations reduce electrostatic interactions between MAPs and oligomeric and 
polymeric tubulin. This alters the stability (Marcum & Borisy 1978; Vallee 1982) 
and the assembly kinetics (Barton et al. 1987) of MTs. Calcium ions can 
destabilize MTs (see section 1.4.8) so ethylene glycol bis (j3-amino ethyl ether) N, 
N, N 1, N 1-tetraacetic acid (EGTA) is included in assembly buffers to chelate most 
of the ca2+. 
Other agents that affect MT assembly include glycerol, dimethyl sulphoxide 
(DMSO) and taxol which can all be used to promote polymerization in the absence 
of MAPs. Glycerol occurs naturally in some cold- and salt-tolerant algae where it 
is believed to impart MT stability at very low temperatures by decreasing the rate 
of assembly and disassembly (Keates 1980). Its action is thought to be mediated 
through changes in thermodynamic interactions by the displacement of H2 0 
molecules (Lee & Timasheff 1977; Na & Timasheff 1981). In vitro, glycerol 
allows assembly to proceed in MAP-free extracts (Na & Timasheff 1981) but may 
also produce abnormal assembly products such as double rings and tubulin sheets 
(Matsumura & Hayashi 1976). Similar aberrant assembly is elicited with DMSO 
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(Himes et al. 1976, 1977; Burton & Himes 1978; Mandelkow & Mandelkow 
1979); this property has been exploited for determining the polarity of MTs 
through the attachment of C-shaped tubulin sheets to MT walls (Heidemann & 
McIntosh 1980; Euteneuer & McIntosh 1980). Taxol stimulates assembly and 
imparts stability by lowering the critical concentration of tubulin that is necessary 
for nucleation (Schiff et al. 1979). It too affects MT morphology; MTs with 
reduced protofilament number (Bohm et al 1984) or with C- and S-shaped tubulin 
sheets (Schiff et al. 1979; Yater et al. 1983) are usually formed. 
1.4.4 Tubulin Concentration 
Tubulin concentration is an important factor in MT assembly whose rate is 
proportional to the concentration of tubulin dimers in solution. Promotion of MT 
assembly in vitro requires a critical tubulin concentration of about 1 mg/ml under 
otherwise favorable conditions (Olmsted et al. 1984). In vivo, there is a constant 
balance between MTs and unpolymerized subunits. Thus, a cell can control the 
assembly status of its MTs by regulating the amount of unpolymerized tubulin. If 
there is a limited number of nucleating centers, MT length will be proportional to 
the number of tubulin dimers available for assembly. Tubulin concentration, 
however, is not wholly dependent on its rate of synthesis and denaturation but can 
be modulated by a variety of mechanisms which can operate very rapidly to alter 
the assembly competence of the tubulin subunits. Specialized sites known as MT 
organizing centers (MTOCs) may also exist that can promote localized MT 
assembly perhaps by reducing the critical tubulin concentration (see section 1.6). 
1.4.5 Magnesium 
Magnesium is an important cofactor in the promotion of MT nucleation 
(Martin et al. 1987) and assembly. There is at least one Mg2+-binding site per 
tubulin dimer (Olmsted & Borisy 1975; Monasterio 1987), but extra (up to 48) 
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magnesium ions may be required for tubulin polymerization (Olmsted & Borisy 
1975; Lee & Timasheff 1975; Himes et al 1977; Luduena 1979). Mg2+ is 
involved in the guanine nucleotide cycle (see section 1.4.6) and thus plays a role in 
regulating the MT assembly/disassembly process. Magnesium is also important for 
controlling MT morphology (Carlier & Pantaloni 1978; Heusele et al. 1987). 
Other divalent cations (Mn2+, Co2+ and zn2+) can substitute for Mg2+ (Buttlaire 
et al. 1980; Himes et al. 1982) but in the case of Zn2+ and Co2+, the assembly 
products may be abnormal. Changes in interprotofilament bonding in the presence 
of Zn2+ (Larsson et al. 1976; Gaskin & Kress 1977; Eagle et al. 1983) and the 
formation of broad sheets in Zn2+ or Co2+ (Wallin et al. 1977; Haskins et al. 
1980) suggest that Mg2+ may play a role in the lateral bonding of protofilaments. 
1.4.6 The Guanine Nucleotide Cycle 
MT assembly is closely coupled to the guanine nucleotide cycle. In vitro 
studies have shown that guanosine tri-phosphate (GTP) is required for assembly 
and that GDP has an inhibitory effect (Jameson & Caplow 1980; Martin & Bayley 
1987), causing disassembly in a manner similar to that induced by colchicine 
(Cartier & Pantaloni 1982). The hydrolysis of GTP is therefore implicated in the 
regulation of MT assembly and disassembly. 
Tubulin dimers contain two guanine nucleotide binding sites (Weisenberg et 
al. 1968). One site is non-exchangeable and does not appear to be involved in the 
assembly process (Kobayashi 1975; Jacobs 1979; Weisenberg 1981); GTP remains 
unhydrolyzed throughout repeated cycles of assembly and disassembly (Kobayashi 
1975; Penningroth et al. 1976). The second site, located on the P-tubulin molecule 
(Geahlen & Haley 1979; Hesse et al. 1987), can bind and readily exchange either 
GTP or GDP (Levi et al. 1974; Jacobs & Caplow 1976). This latter site, known as 
the exchangeable OTP-binding site (or E-site), plays an important role in the MT 
assembly process. Other nucleotides such as ATP, UTP and CTP show almost no 
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affinity for this site. The Mg2+ binding site is very close to the E-site (Jemiolo and 
Grisham 1982), and Mg2+ forms a metal-nucleotide complex with GTP 
(Monasterio 1987) that activates GTPase (David-Pfeuty & Huitorel 1980), thereby 
promoting hydrolysis. The Mg2+ concentration can affect the relative affinity of 
tubulin for GTP or GDP (Correia et al. 1987) so theoretically Mg2+ can control the 
rephosphorylation process as well. 
Changes in the assembly state of tubulin may be correlated with the cyclical 
process of GTP hydrolysis and rephosphorylation. Tubulin-GTP is hydrolyzable 
only after it has been polymerized (Hamel et al. 1982) whereas tubulin-GDP can be 
rephosphorylated (by exchange with GTP) only when in its soluble, dimeric form 
(Jacobs et al. 1974; Zeeberg et al. 1980; Caplow et al. 1982; Carlier et al. 1987; 
Monasterio & Timasheff 1987). The active unit for nucleation and polymerization 
is tubulin-GTP (Maccioni & Seeds 1983; Karr et al. 1979b) and although GTP 
hydrolysis accompanies polymerization (Weisenberg et al. 1976; Carlier & 
Pantaloni 1978), hydrolysis is not a requirement for polymerization. Assembly of 
MTs is not prevented when GTP is replaced with nonhydrolyzable analogues 
(Gaskin et al. 1974; Olmsted & Borisy 1975; Weisenberg et al. 1976; Arai & 
Kaziro 1977; MacNeal & Purich 1978; Penningroth & Kirschner 1977; Sandoval et 
al. 1978; Terry & Purich 1980; Cote & Borisy 1981; Margolis 1981; Maccioni & 
Seeds 1982; Monasterio & Timasheff 1987), although it does proceed at a much 
slower rate. If hydrolysis of tubulin-GTP is not necessary for the assembly 
process, why does it accompany polymerization? It appears that GTP hydrolysis is 
necessary for subsequent disassembly (Weisenberg and Deery 1976; Purich et al. 
1982; Kirsch & Yarlbrough 1981). When hydrolysis is prevented with the 
incorporation of nonhydrolyzable analogues, disassembly of MTs is greatly 
inhibited (Arai & Kaziro 1977; MacNeal & Purich 1978; Sandoval et al. 1978; 
Sandoval & Weber 1979). Thus, while hydrolysis of tubulin-GTP is not necessary 
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for polymerization, it may release the subunit from its assembly-competent 
configuration (Maccioni & Seeds 1983) so that dissociation is possible. 
Since tubulin-GDP subunits depolymerize two to three orders of magnitude 
faster than tubulin-GTP subunits (Carlier 1988), it is likely that the presence of 
unhydrolyzed GTP-tubulin forming a cap at the end of a MT would stabilize 
against MT disassembly. The prediction from a mathematical model for kinetic 
parameters of GTP capping (Hill & Car lier 1983) that the rate of MT elongation 
' 
should not increase linearly with increasing monomer concentration (Oosawa & 
Kasai 1962) but instead should show a phase transition at critical concentration, 
has been confirmed experimentally (Cartier et al. 1984). GTP capping may thus 
provide the control for phase transitions between growing and shrinking MTs that 
is central to current ideas of MT dynamics (Mitchison & Kirschner 1984b). Under 
steady state conditions, the presence of terminal GTP subunits would prevent MT 
disassembly but below a critical tubulin-GTP concentration, the unstable GDP core 
would be exposed, resulting in catastrophic disassembly (McIntosh 1984). In vivo 
behavior of MTs would of course be more complex than the above scenario 
because MAPs are present. 
The timing of GTP hydrolysis in relation to tubulin polymerization is critical 
to the mechanism of GTP capping. If GTP is hydrolyzed slowly and at random 
throughout the tubulin-GTP domain of the MT as proposed by Hill and Carlier 
(1983), hydrolysis will be uncoupled from elongation at all tubulin concentrations. 
This is because the rate of GTP hydrolysis should increase according to the number 
of tubulin-GTP subunits being added so that at any given tubulin concentration that 
permits elongation, a GTP cap will have a constant size. Some early studies 
supported this concept (Pollard & Weeds 1984; Carlier et al. 1984) but more recent 
work has favored an alternate model whereby hydrolysis occurs only at the 
interface between the GTP cap and the GDP core (Caplow et al. 1985). This 
model predicts that hydrolysis should occur at a rate independent to that of 
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elongation so that apparent coupling of hydrolysis and elongation should be 
expected at low tubulin concentrations (i.e ., when elongation is slower than OTP 
hydrolysis). At higher tubulin concentrations, uncoupling of the two reactions 
should become increasingly apparent. This model also predicts a small OTP cap at 
low tubulin concentrations and an increasingly larger cap as the rate of elongation 
increases. The results of Carlier and co-worker's attempts to measure the rates of 
MT elongation and accompanying OTP hydrolysis simultaneously (Carlier & 
Pantaloni 1985; Carlier et al. 1987) favor this model and suggest that MT stability 
is linked to the relatively strong interaction between tubulin-ODP and tubulin-OTP 
subunits at the elongating site (Carlier et al. 1987). In apparent contrast, other 
researchers have detected no lag at any tubulin concentration and suggest that if 
uncoupling of polymerization and hydrolysis does exist, it would be too small to 
measure either during elongation or at steady state (Obrien et al. 1987; Schilstra et 
al. 1987). Thus, GTP capping might be limited to the outermost layer of tubulin 
subunits (Obrien et al. 1987). If GTP hydrolysis is more closely coupled to tubulin 
polymerization than Carlier et al. estimated, other mechanisms might be involved 
in phase transitions between MT assembly and disassembly. In this context, the 
possible uncoupling of the release of Pi from OTP hydrolysis and the resultant 
formation of transient tubulin-GDP-Pi complexes with altered structural and 
thermodynamic characteristics (Cartier 1988) could be significant. 
1.4. 7 Cyclic AMP 
The effects of adenosine triphosphate (ATP) on MT assembly in vitro include 
MT destabilization (Olmsted & Borisy 1975; Jameson & Caplow 1980) promotion 
of MT polymerization (Olmsted & Borisy 1973; Penningroth & Kirschner 1977; 
Jacobs & Huitorel 1979), an increase in the rate of treadmilling 1 (Penningroth & 
1. Treadmilling is a model whereby tubulin subunits are incorporated at one end of the MT and 
eventually dislodged at the other end. See section 1.5.2. 
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Kirschner 1977; Margolis & Wilson 1979) and the formation of tubulin rings 
(Zabrecky & Cole 1980). ATP can favor MT assembly despite not having a 
binding site (Jacobs et al. 1974; Jacobs & Caplow 1976). One action of ATP that 
would favor assembly is its role as a substrate for a MAP-based transphosphorylase 
enzyme to increase the rate of GDP rephosphorylation (Jacobs & Huitorel 1979). 
The activation of ATP-dependent protein kinase can phosphorylate MAPs (Terry 
& Purich 1979) and weaken tubulin-MAP interactions. This could destabilize MTs 
(Jameson et al. 1980; Vallee 1980; Murthy & Flavin 1983 ), leading to MT 
disassembly or - given the appropriate conditions - an increase in tubulin turnover 
and hence, the rate of treadmilling (Margolis & Wilson 1979). In some cases, ATP 
reacts with tubulin in a site-specific manner (White et al. 1980) that does not imply 
competition for the GTP binding sites (Zabrecky & Cole 1982). Such binding 
could explain the formation of tubulin rings and other unusual in vitro assembly 
products. 
1.4.8 Calcium and Calmodulin 
The sensitivity of MT assembly to Ca2+ apparently involves the calcium 
regulatory protein calmodulin. Calmodulin's association with MTs, which is 
apparent in vivo (DeMey et al. 1980), has been suggested to be due to a specificity 
for tubulin (Kumagai & Nishida 1979; Nishida et al. 1979) or for the Tau fraction 
proteins (Kakiuchi & Sobue 1981; Sobue et al. 1981). Ca2+ on its own inhibits 
MT assembly in vitro and has several tubulin-binding sites including one that 
appears to be competitively inhibited by Mg2+ (Hayashi & Matsumura 1975). 
ca2+ is thus a powerful regulator of MT assembly and could effectively control 
MT assembly at a subcellular level by mechanisms such as localized Ca2+ currents 
as suggested by Gunning & Hardham (1982). 
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1.4.9 Microtubule-Associated Proteins 
The inability of MAP-free tubulin to polymerize in vitro without glycerol, 
DMSO or other non-physiological agents implies that MAPs are required for the 
MT assembly process. The function of various MAPs has been explored mainly by 
in vitro assembly experiments. Isolated MAPs are incorporated into solutions of 
purified tubulin to observe their effects on tubulin polymerization and MT 
structure. The recent development of monoclonal antibodies against various brain 
MAPs (Asai et al. 1985; Huber et al. 1986; Matus et al. 1987) offers a novel 
approach for studying MAP function. Antibodies may be used in vitro or injected 
into living cells. The role of a particular MAP can be interpreted from the effects 
of an antibody specific for that MAP on MT function. 
MAPs appear to have the ability to control the morphology of MTs. Given 
appropriate conditions, tubulin can polymerize in vitro without MAPs but the 
assembly products are unlikely to resemble normal MTs (Waxman et al. 1981). 
Inter-tubulin and inter-protofilament bonding does not seem to be controlled by 
MAPs (Gaskin & Kress 1977) but MAPs do appear to be able to control the lattice 
structure of MTs. This has been inferred from the observation that during tubulin 
purification procedures, as MAPs are degraded or lost through successive cycles of 
disassembly and reassembly, an increasing proportion of MTs with less than 13 
protofilaments are assembled (Pierson et al. 1978). Just as MAPs induce the ring-
like closure of oligomers and MTs (Weingarten et al. 1975; Vallee & Borisy 1978), 
they could control the protofilament number by affecting the curvature of MT 
walls (Amos 1979; Bohm et al. 1984). 
It is still not clear how the various MAPs contribute to MT assembly but it 
seems plausible that they may enhance the stability of MTs by reducing the rate of 
subunit dissociation. In vitro experiments have indicated that MAPs can 
quantitatively suppress both dynamic instability and treadmilling (see section 
1.5.2) behaviours (Farrell et al. 1987). Job et al. (1985) have suggested that a 
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steady state population of MTs that is partially depleted of MAPs consists of MAP-
free MTs which are unstable and MTs associated with MAPs that are relatively 
stable. Early experiments with MAPs suggested that the Tau proteins were 
responsible for promoting MT assembly (Weingarten et al. 1975; Murphy & 
Borisy 1975; Fellous et al. 1977) but that HMW MAPs had no such effect (Fellous 
et al. 1977). More recent evidence suggests that in addition to the Tau proteins, 
MAP-2 can also be an important mediator of MT assembly. 
Both the Tau proteins and MAP-2 have been shown to favor MT assembly 
(Stearns & Brown 1979) and to stabilize brain MTs against Ca2+-destabilization 
(Schliwa et al. 1981). Tau proteins seem to be specifically involved in stabilizing 
the longitudinal bonds between tubulin dimers in protofilaments (Nagle et al. 
1977; Luduena et al. 1981). The specific action of MAP-2 is unclear but treatment 
of living cells with anti-MAP-2 by microinjection caused inhibition of tubulin 
polymerization as well as MT bundling and the formation of irregular, shortened 
filaments (Matus et al. 1987). The inhibitory action on MT assembly of 
phosphatidylinositol may be due to this phospholipid's strong binding affinity to 
MAP-2 (Murthy et al. 1985). Weakening of interactions between MTs and MAP-2 
(Yamauchi & Purich 1987) would account for resultant increases in the apparent 
critical concentration for assembly. Interestingly, phosphatidylinositol appears to 
have no effect on the cross-linking properties of Tau proteins (Yamauchi & Purich 
1987). 
The role of MAP-1 in MT assembly remains unclear. Whereas Villasante et 
al. (1980) demonstrated that removal of MAP-1 from tubulin preparations had no 
effect on polymerization, others have claimed that it does promote MT assembly 
(Kuzetsov et al. 1981; Vallee 1982). It has been suggested that LMW MAPs are 
associated with the function of MAP-1 since their removal from tubulin 
preparations in the presence of MAP-1 leads to an increase in the rate of tubulin 
polymerization (Vallee 1982). Thus LMW MAPs could modulate the ability of 
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MAP-1 to promote MT assembly. The difficulty assessing the activity of MAP-1 
could be because, as a very large molecule, it is easily degraded - and possibly 
inactivated - during purification procedures. This problem can be overcome with 
antibody microinjection experiments in living cells. Treatment with one antibody 
for MAP-1 revealed no change in MT assembly activity (Matus et al. 1987), 
supporting the opinion that MAP-1 does not play a role in MT assembly. The 
same technique has recently been applied to examine the function of some novel 
HMW brain MAPs. Consequently, both MAP-3 (Huber et al. 1986) and MAP-5 
(Riederer et al. 1986; Matus et al. 1987) have been implicated in tubulin 
polymerization. 
1.4.10 Tubulin Heterogeneity 
(i) Multi-Gene Families 
Tubulins of diverse species are remarkably conserved. Heteropolymers can be 
formed in vitro and heterologous antibodies have a high degree of cross-reactivity 
with tubulins from a wide range of organisms. On the other hand, heterogeneity of 
tubulin within single organisms has been demonstrated using several criteria 
including electrophoretic mobility, amino acid sequence, proteolytic cleavage 
patterns, drug-binding affinity and antibody specificity (Cleveland & Sullivan 
1985). Fulton and Simpson's multi-tubulin hypothesis (1976) proposed that 
differences in properties of tubulin could be reflected in the MTs that they 
assemble. There are now many examples of multiple tubulin genes encoding 
unique tubulin isotypes (for review see Cleveland 1983) but only limited evidence 
that such isotypes are functionally distinguishable (Gard & Kirschner 1985; Edde 
et al. 1981 ). In some systems, it has even been demonstrated that all classes of 
MTs can be assembled from every available tubulin isotype (Kemphues et al. 
1982; Joshi et al. 1987). Thus, Raff ( 1984) has proposed that multiple isotypes are 
functionally equivalent but represent the products of duplicated genes which have 
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evolved to possess different regulatory sequences for activation of transcription 
during alternative programs of differentiation. Although some of the more recent 
evidence favors the latter hypothesis, the idea that subtle differences in 
polypeptides could manifest functional distinctiveness to MTs can not be ruled out. 
(ii) Posttranslational Modification 
Posttranslational modification has been suggested to be another way of 
changing the properties of tubulin and ultimately, of MTs. Phosphorylation, 
tyrosinolation (hereafter referred to as tyrosination) and acetylation have all been 
implicated as examples of post-translational changes that could affect MT 
properties. The best documented of these is tyrosination . Tyrosination and 
detyrosination occur by the cyclical addition and removal of a tyrosine residue at 
the carboxy terminal position of the a-tubulin molecule. The observation that 
detyrosinated tubulin is relatively abundant in MTs that are stable has led to 
speculation that tyrosination and detyrosination may be involved in the assembly 
properties of tubulin. The research has been facilitated by the identification of two 
enzymes involved in the cycle (Arce et al. 1978; Argarafia et al. 1980; Kumar & 
Flavin 1981) and the development of antibodies with specificity for tyrosinated 
(Kilmartin et al. 1982) and d_etyrosinated a-tubulin (Gundersen et al. 1984; 
Wehland & Weber 1987; Kreis 1987). 
When a-tubulin is initially synthesized, it is tyrosinated in all but a few cases 
(e.g., Monteiro & Cox 1987). Subsequently, repeated cycles of detyrosination and 
retyrosination can take place. Tubulin dimers that are in the detyrosinated form 
(Glu-tubulin) undergo rapid tyrosination, a reaction that requires ATP hydrolysis 
and is catalyzed by the enzyme tubulinyl-tyrosine ligase (TTL). TTL acts 
principally on unassembled tubulin dimers (Arce et al. 1978). In contrast, the 
enzyme responsible for detyrosination, tubulinyl-tyrosine carboxypeptidase (TIC), 
shows preference for MT-bound subunits (Kumar & Flavin 1981). It has been 
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proposed that if only Tyr-tubulin can undergo polymerization, the rate of 
tyrosination, regulated by TTL, could determine the size of the assembly-
competent tubulin pool and thereby regulate MT assembly. Evidence has shown, 
however, that Glu- and Tyr-tubulins have equal propensity to polymerize into MTs 
both in vitro (Raybin & Flavin 1977; Arce et al. 1978; Kumar & Flavin 1982) and 
recently, in vivo (Webster et al. 1987a). By default, Tyr-tubulin is the major 
assembly-competent isotype because TTL appears to retyrosinate unassembled 
tubulin very rapidly. Detyrosination, in contrast, is a relatively slow reaction 
(Wehland & Weber 1987) and is therefore more likely to be the rate limiting step 
in the tyrosination-detyrosination cycle. 
Although tyrosination does not by itself regulate MT assembly, there is 
evidence that other mechanisms exist that can affect the assembly competence of 
tubulin. A Ca2+/calmodulin-activated protein kinase phosphorylates the carboxy-
terminal region of both a- and ~-tubulin and subsequently prevents polymerization 
(Wandosell et al. 1986). Insulin receptor kinase can also phosphorylate tubulin 
(Kadowaki et al. 1985). Wandosell and co-workers have shown that this enzyme 
specifically phosphorylates the terminal tyrosine residue of a-tubulin and that 
when this occurs, the tubulin is rendered non-polymerizable. When Glu-tubulin is 
treated with insulin receptor kinase, other tyrosine residues are apparently 
phosphorylated and assembly is not prevented; clearly tubulin must be tyrosinated 
so that this enzyme can be effective. Although tubulin tyrosination may not on its 
own determine assembly competency, it may be an important feature of complex 
mechanisms that regulate MT assembly for specific functions throughout the cell 
cycle. 
Glu-tubulin is found predominantly in older, more stable MTs whereas MTs 
that are newly assembled or exhibiting rapid turnover contain mainly Tyr-tubulin 
(Gundersen et al. 1984; Gundersen & Bulinski 1986a, 1986b; Schulze & Kirschner 
1986; Webster et al. 1986; Gundersen et al. 1987; Webster et al. 1987b; Kreis 
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1987; Sherwin et al. 1987). Stabilization of MTs with the drug taxol has been 
shown to cause elevated levels of Glu-tubulin (Wehland & Weber 1987) 
suggesting that detyrosination could be a consequence of stable MTs. It has also 
been suggested that detyrosination could be part of the mechanism that imparts 
stability to selected MTs. For example, the removal of tyrosine from tubulin could 
allow the binding of a MAP that would inhibit disassembly (Burns 1987). This 
proposal is particularly attractive because it involves a modification of the acidic 
region of the tubulin molecule - a putative location of tubulin- MAP interaction. 
The idea that detyrosination can affect the stability of MTs is less credible in 
light of recent evidence that although MTs containing Glu-tubulin are more 
resistant to drug-induced disassembly, they show no difference in susceptibility to 
cold treatments (Khawaja et al. 1988). Khawaja and co-workers (1988) also 
demonstrated that treatment of cells with an exogenous supply of carboxypeptidase 
(to induce detyrosination) did not alter the resistance of the MTs toward dilution-
induced disassembly. Finally, there are examples of cells lacking Glu-tubulin in 
which sub-populations of stable MTs have been detected (Gundersen & Bulinski 
1986b; Khawaja et al. 1988). The possibility thus emerges that stable MTs could 
be enriched with glu-tubulin simply because there is more time for detyrosination 
to take place and that their resistance to disassembly is mediated by some other 
property. 
Acetylated a-tubulin (Ac-tubulin) was first recognized in axonemal MTs of 
Chlamydomonas flagella (L'Hernault & Rosenbaum 1983) and has subsequently -
with the use of a monoclonal antibody specific for acetylated a-tubulin (Piperno & 
Fuller 1985) - been detected in a number of other organisms (Piperno & Fuller 
1985; Diggins & Dove 1987; Piperno et al. 1987; Sasse et al. 1987; Sale et al. 
1988). Acetylation, thought to involve the E-amino group of a lysine residue 
(L 'Hernault & Rosenbaum 1985a), is a reversible reaction (L 'Hernault & 
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Rosenbaum.1985b) like detyrosination that arises primarily in polymerized tubulin 
(Piperno et al. 1987; Bulinski et al. 1988). 
In Chlamydomonas, Ac-tubulin is found in axonemes, basal bodies and a 
subset of sub plasma membrane MTs radiating from the basal bodies (LeDizet & 
Piperno 1986). In Physarum, Ac-tubulin is present in the flagellate and 
myxamoebal stages (in flagella and MTOCs respectively) but has not been detected 
(with immunofluorescence or immunoblotting) in the short-lived MTs of the 
plasmodial stage (Diggins & Dove 1987; Sasse et al. 1987). Similarly, Ac-tubulin 
of certain (but not all - see Piperno et al. 1987) mammalian tissue culture cells has 
been identified in the relatively stable MTs of cilia and centrioles, and in a sub-
population of MTs in the mitotic spindle and mid-bodies (Piperno et al. 1987). 
Thus, acetylation is a property that - like detyrosination - is often associated with 
MTs that are relatively stable. High levels of Ac-tubulin can be induced by 
treating cells with taxol (Piperno et al. 1987) and like detyrosinated MTs, 
acetylated MTs display resistance to nocodazole and colchicine (Piperno et al. 
1987; Sale et al. 1988). Interestingly, acetylated MTs are not resistant to cold-
induced disassembly (Piperno et al. 1987). 
Since acetylation and detyrosination are both reversible postpolymerization 
reactions and are associated with increased MT stability it is not surprising that co-
distribution of Ac-tubulin and Glu-tubulin has been detected in some cell types 
(Geuens et al. 1986; Cambray-Deakin & Burgoyne 1987; Schulze et al. 1987; 
Bulinski et al. 1988). It must be noted, however, that there are many examples of 
cells with stable MTs that have only one or other type of posttranslational 
modification (Bulinski et al. 1988; Khawaja et al. 1988) and in cells that have both 
types, differences in their patterns of accumulation after mitosis or disassembly 
suggest the two forms of modifications are controlled by independent mechanisms 
(Bulinski et al. 1988). Therefore, the suggestion that co-ordinated detyrosination 
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and acetylation plays a role in the maintenance of stability (Cambray-Deakin & 
Burgoyne 1987), seems unjustified. 
1.5 MICROTUBULE DYNAMICS 
1.5.1 Microtubule Polarity 
The alternation of a- and P-tubulins along protofilaments and the uniform 
alignment of protofilaments within MTs implies an intrinsic structural polarity. 
This polarity has functional implications. Motile process, including mitosis 
(Heidemann & McIntosh 1980; Euteneuer & McIntosh 1980; Telzer & Haimo 
1981 ), inter-MT sliding (Haimo et al. 1979; Satir et al. 1981; Euteneuer & 
McIntosh 1981a), organelle translocation (McNiven et al. 1984; McNiven & Porter 
1986) and pigment transport (Euteneuer & McIntosh 1981a) exhibit polarity. The 
orientation of the uniformly-spaced dynein arms that extend flagellar and ciliar 
MTs is a precise indicator of MT polarity (Haimo et al. 1979; Satir et al. 1981); 
decorating the MTs of lysed cells with purified dynein can thus be used for 
determining their polarity (Telzer & Haimo 1981). Similarly, MT polarity can be 
determined by decorating MTs with curved sheets of tubulin protofilaments 
(Heidemann & McIntosh 1980; Euteneuer & McIntosh 1981 a, b; McNiven et al. 
1984; McNiven & Porter 1986). 
The intrinsic structural polarity of MTs is also reflected in MT growth. Whilst 
the rate of polymerization is proportional to tubulin concentration, the rate of 
dissociation is proportional to MT number (Johnson & Borisy 1977; Karr et al. 
1980a, b ). This implies that association and dissociation of tubulin subunits are 
end-mediated processes. End-wise addition was first observed by labelling 
fragments of brain MTs with DEAE-dextran so that they could be distinguished 
with electron microscopy from tubulin subunits that polymerized onto the MT 
fragment ends (Olmsted et al. 1974). It has more recently been demonstrated by 
observing the addition of fluorescently-labelled tubulin to the ends of pre-existing 
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MTs both in vitro (Kristofferson et al. 1986) and in vivo (Soltys & Borisy 1985; 
Sammak et al. 1987). Furthermore, polymerization reactions are different at 
opposite MT ends (Allen & Borisy 1974; Olmsted et al. 1974; Summers & 
Kirschner 1977; Farrell & Jordan 1982). One end (the+ end) exhibits much faster 
rates of growth (Cote et al. 1980) but will also disassemble more quickly than the 
(-) end (Karr & Purich 1979; Bergen & Borisy 1980; Bergen et al. 1980). Thus, 
the net change in MT length is the sum of the association and dissociation events at 
both ends of the MT. 
Biased polar growth is also apparent in MTs that are associated with 
nucleating sites or MTOCs (see section 1.6). Flagellar and ciliar MTs show 
preferential growth at the end distal to the basal bodies. This was first observed in 
vivo (Rosenbaum & Child 1967) and later confirmed by following the assembly of 
purified brain tubulin subunits on flagellar MTs of Chlamydomonas (Allen & 
Borisy 1974; Borisy et al. 1975; Binder et al. 1975) and sea urchin sperm tails 
(Kuriyama 1975; Kuriyama & Miki-Nomura 1975). Similarly, centrosomal 
(Bergen et al. 1980) and spindle pole MTs (Heidemann & McIntosh 1980; Telzer 
& Raimo 1981) have ( +) ends distal to the nucleating center. Kinetochores are 
unlike other MTOCs in that the ( +) end of the MT is proximal to the site of 
attachment (Euteneuer & McIntosh 1981 b; Mitchison & Kirschner 1985b ). Thus, 
the ability of MTOCs to regulate the temporal and spatial aspects of MT assembly 
depends on their ability to recognize the structural polarity of MTs. 
1.5.2 Models of Microtubule Dynamics: Treadmilling and Dynamic 
Instability 
Apart from some relatively stable MTs found, for example in cilia and 
flagella, the behaviour of most MTs is quite often dynamic. Exchange of tubulin 
subunits results in continuous fluctuations in MT length, even in conditions of 
"steady state" where there is no net change in total polymer length. It has been 
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obvious for some time that the behaviour of MTs could not be governed by a 
simple equilibrium between polymer and monomer (cf. Oosawa & Kasai 1962). 
Apart from the coupling of GTP hydrolysis to MT assembly, MT growth was 
recognized as being an end-mediated process. Margolis & Wilson (1978) proposed 
a treadmilling model for MT dynamics whereby tubulin subunits are incorporated 
at one end of the MT ( + end) and eventually dislodged at the other (- end). 
Although some reports suggest that treadmilling can be induced in vitro (Farrell et 
al. 1987), in vivo testing has demonstrated that poleward treadmilling of subunits 
does not occur (Wadsworth and Salmon 1986). 
Mitchison & Kirschner (1984b) followed the assembly behaviour of MTs 
assembled in vitro and observed that the MT population at steady state in fact 
contains a majority of MTs that are elongating at a steady rate and a small number 
of MTs that are undergoing rapid disassembly. This "dynamic instability" model 
has subsequently been verified with real time observations (Horio & Hotani 1986; 
Walker et al. 1986; Sammak & Borisy 1988). Under dynamic instability, MT 
length, even in the steady state, becomes a mere statistic since individual MTs are 
either elongating or rapidly shortening. Regulation of MT assembly by GTP 
capping (section 1.4.6) fits well with the model; the transition between elongation 
and rapid, catastrophic shortening can be explained by the loss of the GTP cap. 
MT assembly behaviour is therefore dependent on the relative frequencies of 
nucleation, catastrophic shortening (if the GTP cap is lost) and rescue (if the GTP 
cap is restored). Any factor that can alter the frequency of one of these events 
should thereby modify dynamic instability. MAPs, for example, might suppress 
the frequency of phase transitions which could account for treadmilling behaviour 
(Farrell et al. 1987) or increased MT stability. 
1.6 MICROTUBULE ORGANIZING CENTERS 
1.6.1 Function of Microtubule Organizing Centers 
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An essential feature of eukaryotic cells is the existence of sites that are capable 
of regulating the behaviour of MTs. MTs may associate with conspicuous cell 
structures such as centrosomes, basal bodies, spindle poles and kinetochores or 
with less readily discernible sites (see Brinkley 1985). The description of such 
sites as MT organizing centers (MTOCs) by Pickett-Heaps (1969) was appropriate 
because "organization" encompasses their many functions which include, in 
addition to initiation of assembly, the "capture" of MTs (Pickett-Heaps et al. 1982). 
By promoting the nucleation of MTs, MTOCs overcome the lag phase that 
would otherwise be necessary for assembly. Consequently, MTs assembled at 
MTOCs have a kinetic advantage over freely-assembled MTs (Mitchison & 
Kirschner 1984a). Another interpretation is that MTOCs favor assembly by 
creating an unusual microenvironment that lowers the critical tubulin concentration 
necessary for MT initiation (De Brabander et al. 1980). MTs may be stabilized 
against depolymerization through the capping of a thermodynamically unstable end 
(Kirschner 1980; Hill & Kirschner 1982) by a MTOC. Capping of the slow 
growing end, for example, has been demonstrated for centrosomal MTs (Euteneuer 
& McIntosh 1981a). Thus, MTOCs can promote MT assembly, through nucleation 
and/or stabilization, under conditions that are unfavorable for the existence of 
"free" MTs. 
MTOCs can exert spatial and temporal control over MTs throughout the cell 
cycle by initiating the assembly of distinct sets of MTs at various times. In the 
transition between interphase and mitosis for example, the centrosome, from which 
interphase MTs radiate, undergoes duplication to form the two spindle pole bodies. 
In the process, interphase MTs disassemble and are replaced by the highly oriented 
spindle and aster MTs (Brinkley et al. 1976). The two arrays are distinct both in 
their function and in their spatial distribution. It seems possible that a MTOC 
- ....... 
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should also possess the ability to recognize different tubulin isotypes or to 
associate with specific MAPs and in so doing, promote the assembly of MTs with 
specific properties. 
The extent to which MTOCs organize MTs can vary. It has been suggested 
that MTOCs can act as MT-nucleating templates (Pearson & Tucker 1977) that not 
only initiate assembly but also impose specific patterns on MTs. Since many 
MTOCs associate with a precisely defined number of MTs, it has been suggested 
that MTOCs have a finite number of 'nucleating elements' (Tucker 1977). A 
precise configuration of MTs may also be associated with MTOCs. For example, 
flagellar axonemes have a characteristic '9 + 2' (9 outer doublet MTs surrounding 
two central MTs) arrangement. Many unicellular organisms including 
Ochromonas (Brown & Bouck 1974), Polytomella (Brown et al. 1976), Nassula 
(Pearson & Tucker 1977) and Chlamydomonas (Goodenough & Weiss 1978) 
possess MT arrays that show precise spatial organization. Stearns and Brown 
(1981) examined the nature of MT assembly from the basal body rootlets of 
Polytomella by applying purified brain tubulin to permeabilized cells. They 
demonstrated that the rootlet MTOCs not only initiate MT assembly but also 
specify MT orientation. 
MTOCs can also regulate the lattice structure of MTs they nucleate whereas 
MTs that assemble spontaneously are less likely to have a strictly controlled 
protofilament number (Scheele et al. 1982; Evans et al. 1985). Conversely, certain 
MTOCs may nucleate a functionally distinct set of MTs with a protofilament 
number other than 13 (Chalfie & Thomson 1982; Saito & Rama 1982; Davis & 
Gull 1983; Eichenlaub-Ritter & Tucker 1984) just as they are responsible for the 
incomplete B & C tubules of centrioles, basal bodies, cilia and flagella (Fujiwara & 
Linck 1982). 
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1.6.2 Diagnosis of Microtubule Organizing Centers 
MTOCs can be identified in various cells by observing MT assembly patterns 
at the transition between interphase and mitosis (e .g., spindle poles) and after 
cytokinesis (e .g., centrosomes). Following MT recovery from drug-induced 
disassembly is another way of determining the preferred sites of MT assembly 
(DeBrabander et al. 1981). The development of techniques for studying assembly 
of MTs from isolated MTOCs (Allen & Borisy 1974; Binder et al. 1975; 
Weisenberg & Rosenfeld 1975; Mitchison & Kirschner 1984a) and in lysed cells 
(McGill & Brinkley 1975; Pepper & Brinkley 1979; Brinkley et al. 1981a; Stearns 
& Brown 1981; Deery & Brinkley 1983) supplied with an exogenous source of 
tubulin has been of great benefit. These assays can be useful, not only for 
demonstrating the nucleating capacity of MTOCs, but also for studying structural 
and biochemical aspects of MTOC-mediated assembly (see Brinkley 1985). 
In many cases, MTs display considerable order but do not appear to be 
associated with a conspicuous nucleating site. Elongating axons, for example, 
contain a very large number of MTs that are not directly associated with the 
centrosome of the cell body. Instead, axonal MTs show frequent breaks, (Bray & 
Bunge 1981; Sasaki et al. 1983) suggesting either that MTs could be assembled at 
the centrosome and later moved into the axons or alternatively, that the axon 
contains MT-nucleating material that is distributed along its length. Similarly, the 
epidermal cells of the developing leg tarsomere of the blowfly have two distinct 
MT populations including a layer of cortical MTs in addition to a typical array of 
centrosomal MTs (Tucker 1979). The cortical MTs do not appear to be associated 
with the centrosome or any other structure yet they are obviously well organized. 
Evidence that MT nucleation and assembly can be organized in the absence of 
conventional nucleating structures has recently been put forward. McNiven and 
co-workers showed that centrosome-free fragments of teleost melanophores can 
reorganize a centralized MT array after surgical isolation from the main cell body 
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(McNiven et al. 1984). By following the recovery process, it was also 
demonstrated that MTs radiate from a general region rather than any specific site or 
structure (McNiven & Porter 1988). The authors have proposed that reorganization 
of the MT array "involves the action of a dynamic structural continuum or gel" . In 
Drosophila wing epidermal cells, where centrosomes are absent, Mogensen and 
Tucker (1987) have implicated plasma membrane associated plaques as possible 
MT nucleating sites. 
In consideration of the possibility that MTs may be initiated from dispersed 
nucleating material, it should be remembered that MT assembly around 
centrosomes is initiated from the amorphous pericentriolar material rather than 
from the well defined centrioles (Gould & Borisy 1977; Berns & Richardson 1977; 
Schulze & Kirschner 1986). It has even been suggested that the electron dense 
material detected by electron microscopy for various MTOCs is merely the 
material that anchors nucleating elements (Tucker 1984 ). Therefore, MTOCs may 
show considerable structural variations or be indiscernible altogether but still 
maintain the capacity to nucleate and organize MT assembly. 
1.6.3 Microtubule Organizing Centers in Plant Cells 
Plant cells display various arrangements of MTs throughout the cell cycle 
including interphase cortical arrays, preprophase bands, mitotic spindles and 
phragmoplast arrays (see Tiwari et al. 1984). The phragmoplast, is the only array 
that is distinctly focussed (Euteneuer et al. 1982), suggesting that there may be a 
common nucleating site for its MTs. Otherwise, plant cells do not show any 
evidence for structurally well defined MTOCs. Their MTOCs, are probably more 
numerous and more widely dispersed than those of animal cells (Jackson & Doyle 
1982). 
The nuclear envelope appears to be the site of MT nucleating activity in many 
plant cells. The chlorophytes Boergesenia and Ernodesmis. (La Claire II 1987), 
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Lilium microspores (Dickinson & Sheldon 1984; Sheldon & Dickinson 1986), 
H aemanthus endosperm cells (Lambert 1980; De Mey et al. 1982; Schmit et al. 
1983; Bajer & Mole-Bajer 1986b) and meristematic onion root tip cells (Wick & 
Duniec 1983) all feature MTs that radiate from the periphery of the nucleus. The 
structural basis for this nucleating activity is uncertain. The suggestion that the 
surface of the nuclear envelope can behave like an expanded centrosome to permit 
nucleation at several sites (Mazia 1984) seems reasonable. Perhaps the nuclear 
envelope of plant cells is structurally specialized to allow the attachment of MT 
nucleating material as appears to be the case for the heliozoan Actinophrys sol 
(Ockleford & Tucker 1973) whose MTOC is located on the outer surface of the 
nuclear envelope (Jones & Tucker 1981). 
MTs organized at perinuclear sites could be involved in some endoplasmic 
process such as motility or nuclear positioning (Van Lammeren et al. 1985; Hogan 
1987). In addition, the nuclear envelope could nucleate the assembly of MTs but 
not act as a template for their spatial organization. Preprophase band MTs, for 
example, appear to be physically connected to the nucleus (Wick et al. 1981; Wick 
& Duniec 1983, 1984) and spindle MTs have been shown to originate at foci on the 
nuclear surface (Wick & Duniec 1984). Some researchers also regard it as the site 
of initiation for MTs of the interphase cortical array (De Mey et al. 1982; Wick & 
Duniec 1983; Dickinson & Sheldon 1984; Bakhuizen et al. 1985; Clayton et al. 
1985; Wick 1985). The existence of nucleating sites for cortical MTs that are not 
located on the nuclear surface, however, is also highly likely. 
In many plant cells, MTs appear to radiate from discrete, cytoplasmic foci. 
Such foci have been observed along the edges between cell faces in Azolla root 
cells (Gunning et al. 1978; Gunning 1980) and in stomatal cells of Azolla (Busby 
& Gunning 1984), Cyperus and Phleum (Gunning 1981), Zea (Galatis 1982) and 
Adiantum (Galatis et al. 1983). Cortical MT foci have also be detected in several 
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types of plant cells during recovery from MT disassembly (Hoffmann 1986; 
Hogetsu 1986; Cleary & Hardham 1988; Falconer et al. 1988). 
Further characterization of plant MTOCs has so far been largely unsuccessful. 
A human autoimmune serum that recognizes pericentriolar material of animal 
centrosomes (Calarco-Gillam et al. 1983) has been applied to meristematic onion 
root tip cells (Lloyd et al. 1985; Clayton et al. 1985; Wick 1985). These 
researchers reported some cross-reactivity with the nucleus and the broad spindle 
poles (Wick 1985) but no reactivity with cortical sites. The lack of adequate 
controls in these experiments and the recent finding that normal human serum 
gives just as strong a reaction pattern in Allium root tip cells as 5051 but does not 
label the pericentriolar material of Chlamydomonas, HeLa or SP2/0 cells (Harper 
et al., manuscript in preparation) suggests that this assay may not be appropriate 
for plant MTOCs. Until such a probe is available, and the structural aspects 
elucidated, plant MTOCs will remain poorly understood. 
1.7 CORTICAL MICROTUBULES IN PLANT CELLS 
The preceding discussion has outlined structural and biochemical properties of 
MTs as well as various aspects of their assembly behaviour. This very general 
description, which has relied heavily on evidence from in vitro work, has 
summarized in some detail the mechanisms responsible for co-ordinating these 
ubiquitous but functionally-diverse organelles. The focus of the remaining 
discussion will be narrowed to concentrate on the specific assemblage of MTs that 
forms the subject of this thesis, the cortical array of plant cells. 
1.7.1 Evidence for Microtubule Involvement in Wall Deposition 
Cortical MTs are now widely recognized as agents of morphogenesis in plant 
cells through their role in cellulose microfibril (mf) alignment (see Robinson & 
Quader 1982) They are generally located very close or attached to the plasma 
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membrane (Brower & Hepler 1976; Hardham & Gunning 1978, 1980; Lloyd et al. 
1980b) where they can participate in the ordered deposition of cellulose mfs which 
in turn impose directionality to wall yielding under the isotropic turgor pressure 
(for reviews on the organization of cell walls and cell expansion see Wardrop 
1962; Preston 197 4; Hepler & Palevitz 197 4; Taiz 1984; Preston 1988). The 
orientation of cortical MTs is therefore of relevance to their presumed function in 
morphogenesis. 
Evidence that MTs are involved in mf alignment includes observations of 
parallel alignment of subplasmalemmal MTs and the innermost cellulose mf s. This 
has been reported in electron microscopical studies (Ledbetter & Porter 1963; 
Pickett-Heaps 1967a & b; Newcomb 1969; Hepler & Palevitz 1974; Palevitz & 
Hepler 1976; Seagull & Heath 1980; Mueller & Brown 1982; Seagull 1983) and 
more recently in the double-labelling of MTs and cellulose mfs for fluorescence 
microscopy (Falconer & Seagull 1985a; Galway & Hardham 1986; Seagull 1986). 
Further support for the idea that MTs control cellulose mf orientation has come 
from the effects of depolymerizing MTs on wall texture and cell shape (reviewed 
by Gunning & Hardham 1982; Lloyd 1984). There have been numerous reports of 
the growth of plant cells becoming impaired or altered when treated with 
c<;>lchicine (Gorter 1945; Green 1962; Grimm et al. 1976; Hogetsu & Shibaoka 
1978; Okamura 1979; Mita & Shibaoka 1983) or various dinitroaniline herbicides 
(Quader et al 1978; Richmond 1983; Cleary & Hardham 1988; Wacker et al. 1988) 
and these effects on growth can be correlated with changes in mf deposition (Green 
1963; Pickett-Heaps 1967b; Palevitz & Hepler 1976; Hogetsu & Shibaoka 1978; 
Richmond 1983). 
1.7.2 Developmentally-Dependent Orientation of Cortical Microtubules 
MTs have an approximately transverse orientation in cells expected to be 
elongating (Itoh & Shimaji 1976; Hardham & Gunning 1978; Hardham et al. 1980; 
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Lloyd et al. 1980a; Wick et al. 1981; Busby & Gunning 1983; Mita & Shibaoka 
1983; Simmonds et al. 1983; Traas 1984; Falconer & Seagull 1985a; Hogetsu & 
Oshima 1985; Roberts et al. 1985; Galway & Hardham 1986) and shifts in MT 
orientation are detected at the time of growth cessation. Elongating cells of 
Raphanus root tips, for example, have transversely-oriented MTs, but in regions 
where elongation is complete, the cells have highly variable MT orientations 
(Traas 1984). In tip-growing protenema of the fern Adiantum, cortical MTs are 
arranged circumferentially in the elongating subapical zone but are parallel to the 
cell's long axis in the non-growing region of the cell (Murata et al. 1987). 
The ability of a plant cell to not only maintain but also to alter the orientation 
of its cortical MTs is an important feature of morphogenesis. Many plant cells 
undergo shifts in their direction of expansion at some stage of their growth history 
and co-ordinated shifts in MT orientation have been documented in a few cases. 
For example, during bulb development, onion leaf sheath cells undergo swelling 
that has been attributed to a shift in the orientation of cortical MTs from transverse 
to random (Mita and Shibaoka 1983). Application of the naturally occurring plant 
hormone ethylene to elongating cells can induce lateral expansion in pea epicotyl 
(Apelbaum & Burg 1971) and mung bean hypocotyl (Roberts et al. 1985) cells. 
Following such treatments, the normally transverse MTs becom~ obliquely and 
longitudinally oriented. Conversely, gibberellin promotes elongation in epidermal 
cells of dwarf pea internodes and at the same time, increases the proportion of cells 
with transverse MT arrays (Akashi & Shibaoka 1987). 
In multicellular tissues, the complex task of co-ordinating the expansion of 
different cell faces may also involve MTs. In cortical cells of the root primordia of 
Azolla, MTs are perpendicular to the major axis of expansion of the particular cell 
surface they underlie (Gunning 1981). Thus, it appears that individual cells can 
11 deploy their MTs in specific, and different, orientations on different cell faces 11 
(Busby & Gunning 1983). A similar relationship has been described for 
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differentiating root cells of Raphanus sativus (Derksen et al. 1986) in which MTs 
are transversely oriented along elongating surfaces but randomly oriented at the 
non-expanding ends. 
1.7.3 Microtubule-Guided Microfibril Deposition Hypotheses 
Several models have been proposed to explain the nature of MT involvement 
in cellulose mf deposition. These models all consider various features such as how 
close MTs are to each other and to the plasma membrane, the existence of cross-
bridging elements and mechanisms of force generation for mf deposition and MT 
movement. 
Two of these models propose that MTs are directly linked to the cellulose 
synthesizing complexes of the plasma membrane whereas others propose an 
indirect relationship. Heath (1974) proposed that movement of the synthetase 
complexes could be mediated by mechano-chemical cross-bridging elements like 
dynein. Although MT-plasma membrane cross-links have been identified 
(Hardham & Gunning 1978; Marchant 1979), there is no evidence that these 
elements associate with the synthetase complexes. This model came under early 
criticism because it proposed that MT and mf lengths should be similar and most 
evidence disagrees with this prediction (see review by Heath & Seagull 1982). 
With the recent evidence that MTs can undergo rapid changes in length (Schulze & 
Kirschner 1986), the need for similar MT and mf lengths does not, in retrospect, 
seem valid. 
A modification of Heath's model (Seagull & Heath 1980) suggested that 
synthetase complexes could be statically-linked to MTs and their movement 
generated by sliding interactions with interconnecting actin microfilaments. This 
latter idea is interesting in light of recent evidence favoring the existence of a 
transverse array of fine filaments, possibly actin, in the cortex of higher plant cells 
(Seagull et al. 1987; Traas et al. 1987) that possibly co-distribute with MTs. The 
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function of such associations, however, seems dubious since cytochalasin 
treatments that inhibit actin-dependent cytoplasmic streaming do not seem to affect 
morphogenesis (Bradley 1973). 
The existence of cross-bridges between MTs and cellulose synthetase 
complexes is refuted because there is no observational evidence that such 
connections exist and some further indirect evidence against the idea. Seagull 
(1983) compared the paths of MTs and mfs around plasmodesmata and pit-fields 
and in observing that the two paths were not congruent, concluded that the idea 
that synthetase complexes are attached to MTs via short cross-bridging elements is 
untenable. Continued parallel mf deposition in Oocystis after colchicine treatment 
(Robinson et al. 1976) suggested that MTs, although necessary for mediating 
periodic shifts in the orientation of the array, do not directly control mf deposition. 
Several models have been proposed that do not rely on direct links between 
MTs and synthetase complexes. One such model argues that stick-like projections 
from MTs to the plasma membrane could generate flow in which cellulose 
synthetase complexes could become aligned (Hepler & Fosket 1971). The flow 
could be generated by a beat cycle with, for example, dynein anns or alternatively, 
could be caused by inter-MT sliding. Evidence for either mechanism is not 
compelling; MT-plasma membrane cross-bridges have not been characterized in 
plant cells (Hardham & Gunning 1978; Marchant 1979) and the distance between 
adjacent MTs (Seagull & Heath 1980) seems too great to permit intertubule sliding. 
Schnepf ( 197 4) proposed that co-ordinated sliding between MTs that are 
statically-linked to the plasma membrane and other MTs could create an 
extracytoplasmic channel that would constrain the movement of cellulose 
synthetase complexes. How active sliding could generate enough force to pull the 
plasma membrane away from the inner cell wall against substantial turgor 
pressures is uncertain. 
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A much simpler model considers a passive role for MTs (Herth 1980). It 
suggests that MTs might form static linkages with the plasma membrane and 
thereby act in a fence-like manner to control the movement of synthetase 
complexes. Such a mechanism would account for the imperfect co-alignment 
between MTs and mfs that is observed (Seagull 1983). Herth also proposed, by 
analogy with rnf-generated movement of Acetobacter xylinum cells, that the motive 
force for movement of the synthetase complexes could be provided by the 
crystallization of cellulose. Such a mechanism is attractive because it would allow 
for the exceptional case of continued parallel deposition of cellulose that has been 
reported in Oocystis in the absence of MTs (Robinson et al. 1976). It is also 
supported by the observation that ordered mf deposition is prevented in 
Poterioochromonas when crystallization is suppressed with congo red or calcafluor 
white treatments (Herth 1980). Finally, recent electron microscope images (Herth 
1985; Schneider & Herth 1986; Giddings & Staehelin 1988) are consistent with the 
model, and clearly show synthetase complexes within "channels" delineated by 
MTs that are closely appressed to the plasma membrane. 
Recent uncertainty over the role of MTs in wall deposition (see Preston 1988) 
is largely due to the observation that many cells frequently retain a large number of 
cortical MTs whose orientation patterns are unlike those of the innermost wall mfs. 
Such exceptions include tip-growing cells whose non-expanding sub-apical zones 
have axially-aligned MTs but helicoidally or apparently randomly distributed mfs 
(Emons & Wolters-Arts 1983; Derksen et al. 1985; Lloyd & Wells 1985; Lancelle 
et al. 1987; Murata et al. 1987) and cells that are no longer expanding 
(Parameswaran & Liese 1981; Roland 1981; Roland et al. 1982; Roland & 
Mosiniak 1983; Neville & Levy 1984). Helicoidal walls may arise by self-
assembly of rnf s at precise angles to previously deposited fibres so do not require 
mediation by MTs (Neville et al. 1976). Evidently, cortical MTs are required for 
... 
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functions other than transverse wall deposition; otherwise their presence in such 
cells would not be justified. 
1.7.4 Organization of Cortical Microtubule Arrays 
To understand how MTs are organized into cortical arrays that are able to 
regulate morphogenesis requires structural evidence and a complete understanding 
of the assembly behaviour of the MTs in question. Structural evidence includes 
such features as MT length and density, proximity to other cell structures and the 
existence of cross-bridges that might help orient and stabilize the MTs. Other 
potentially significant features include the expression of associated proteins, 
enzymes, cofactors and different tubulin isoforms which might influence the 
assembly behaviour. 
The techniques required for such work include electron microscopy which is 
indispensable for examining the precise structure of the MTs, sites of initiation, 
-
approximate orientation (with respect to cellulose mfs), the existence of cross-
bridging elements and length measurements (reviewed by Gunning & Hardham 
1982) The development of immunofluorescence microscopy has enabled 
researchers to observe the patterns of MT arrays in whole cells so that the overall 
spatial organization of MTs in cells of various stages of differentiation can be 
interpreted (for a recent review see Lloyd 1987). The rapid progress in the 
understanding of MT assembly and dynamics (reviewed above) has dramatically 
changed our concept of MTs in general; determining the dynamic properties of 
plant MTs will undoubtedly be helpful in understanding their behaviour. 
When Ledbetter and Porter (1963) first identified cortical MTs in plant cells 
from electron micrographs, they described their arrangement as "hundreds of 
unbroken hoops around the cell". Similar impressions were subsequently 
expounded (Hepler & Newcomb 1964; Newcomb 1969; Green et al. 1970; Hepler 
& Palevitz 1974; Pickett-Heaps 1974; Schnepf et al. 1976; cf. Ledbetter 1967) 
... 
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until serial sectioning revealed that MTs arrays were "composed of overlapping, 
component MTs, which are short relative to the dimensions of the cell" (Hardham 
& Gunning 1978). Other MT length analyses in plant cells by various techniques 
(Robinson & Quader 1980; Traas 1984; Lloyd et al. 1980b; Van der Valk et al. 
1980) have also concluded that individual MTs are not long enough to 
circumscribe cells. To account for this evidence, Green (1980) refined an earlier 
model (Green & King 1966) for control of MT orientation whereby short MTs 
could be oriented transversely by maximizing their overlap with adjacent MTs, 
thereby forming a self-cinching loop whose most stable position of minimum 
circumference would be transverse. The existence of putative cross-linking 
elements that could account for connections between adjacent MTs has been 
reported (Hardham & Gunning 1978). 
The introduction of immunofluorescence microscopy to the study of cortical 
MT arrays (Lloyd et al. 1979; 1980a, 1980b; Van der Valk et al. 1980; Wick et al. 
1981; Simmonds et al. 1983) has provided a better picture of how MTs are 
spatially arranged within cells. Recently, the self-cinching loop model has been 
modified to account for the variety of orientations from transverse through oblique 
to longitudinal that are observed in certain higher plant cells when the technique of 
whole cell immunofluorecence is applied. Lloyd & Seagull' s dynamic spring 
model (1985) proposes that MTs are organized as a helix that can change direction 
as an integral rather than fragmentary array through inter-tubule sliding. This 
model relies on the occurrence of cross-bridging between MTs and the ability of 
MTs to undergo changes in direction by a mechanism that has not been clearly 
specified but presumably involving minimal assembly or disassembly of 
component MTs. 
An alternate strategy for MT reorientation would involve depolymerization 
followed by repolymerization in a new direction. The manner in which the MT 
array undergoes shifts in orientation about the cell's axis of expansion (i.e., 
.. 
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whether it occurs by realignment or by disassembly/reassembly) would, if known, 
be of great value for understanding how MTs are organized. To date, real time 
observations of plant cell MTs have not been carried out so any ideas about how 
MT arrays shift direction have been inferred from observing fixed cells at different 
stages of development. In the differentiation of Zinnia tracheary elements, for 
example, it has been observed that before lateral association occurs, MTs reorient 
from an axial to transverse direction (Falconer & Seagull 1985a). Taxol treatments 
prevent this reorientation from taking place (Falconer & Seagull 1985b) but this 
observation does not favor one particular mechanism for reorientation. Ethylene 
treatments cause MTs to become oriented predominantly in an axial direction 
(Lang et al. 1982; Mita & Shibaoka 1983; Roberts et al. 1985) whereas gibberellin 
generally favors transverse orientation (Takeda & Shibaoka 1981; Mita & 
Shibaoka 1984; Akashi & Shibaoka 1987). Such experimentally amenable systems 
should be ideal for determining whether MTs 'move' into new orientations or 
simply depolymerize and reassemble. 
..... 
1.8 SELECTION OF A MODEL FOR STUDYING CORTICAL 
MICROTUBULE ORGANIZATION 
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Investigation of any process is best conducted using the simplest available 
model. In the case of directed expansion of plant cells, this involves the uniform 
elongation of a single cell as a cylinder. Such a shape results from the formation 
and maintenance of a parallel array of MTs, which through guidance of mf 
deposition, cause uniform expansion predominantly in one direction. In this thesis, 
I have tackled the problem of how MTs are organized by using a suitably 
uncomplicated cell model, the giant internodal cells of the characean algae. These 
cells, situated between the multicellular nodal regions, expand uniformly (Green 
1954) along their length under many conditions (Taiz 1984) to produce nearly 
perfect cylinders. Apart from some species, whose internodal cells may be 
surrounded by a layer of smaller cortical cells, most have internodal cells that only 
share common walls with the nodal cells situated at either end. 
Since their characteristic, rotational streaming was documented by Corti in 
1774, characean internodal cells have been recognized as exceptional specimens 
for biological research. In addition to their value in studies of cytoplasmic 
streaming (recently reviewed by Kamiya 1986), they have also been excellent 
models for membrane physiology (Hope & Walker 1975) and cell wall research 
(Taiz 1984 ). 
To gain a better understanding of cortical MT organization, I have investigated 
various properties of MTs in the internodal cells of Nitella tasmanica and Chara 
corallina. The work that is described in the following chapters details a large 
proportion of this research including: (1) a description of the distribution and 
general arrangement of MTs in internodal cells using immunofluorescence 
techniques, (2) a detailed analysis of the orientation patterns of cortical MTs 
throughout development and (3) an investigation of MT assembly behaviour. 
CHAPTER2 
MICROTUBULE LOCALIZATION IN CHARACEAN INTERNODAL CELLS 
WITH IMMUNOFLUORESCENCE MICROSCOPY 
It is assumed that Charophyla are one of the most useless plants in Japan, just as in 
other parts of the world. 
Kozo lmahori (From Ecology, 
Phytogeography and Taxonomy of 
the Japanese Charophyta, 1954) 
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2.1 INTRODUCTION 
Characean internodal cells have been profitably used in cell morphogenesis 
studies because they are unusually large and have a predictable pattern of growth. 
For the same reasons they should be ideal specimens to study cortical MTs, which 
are implicated in directing the shaping of cells. Nagai and Rebhun (1966), Pickett-
Heaps (1967a) and Hotchkiss & Brown (1987) have verified the presence of MTs 
in these cells by electron microscopy, but this method is unsuitable for extensive 
analysis because it can only be used to examine a small part of a cell at one time. 
Immunofluorescence microscopy has contributed to the understanding of MT 
organization in many other plant cells (for a recent review see Lloyd 1987) so 
should also be useful for overcoming the limitations of electron microscopy for 
studying the overall distribution and orientation patterns of MTs in giant internodal 
cells. Immunofluorescence labelling by vacuolar perfusion has already been 
successfully developed for the study of cytoskeletal elements involved in 
cytoplasmic streaming in these cells (Williamson et al. 1984) so it was felt that a 
similar method might be applied to examine their MTs. 
The little that is known about the distribution and function of MTs in 
characean internodal cells has been determined through a few electron 
microscopical observations and work with MT inhibitors. Evidence from electron 
microscopy (Nagai & Rebhun 1966) suggests that MTs in Nitella internodal cells 
are confined to the cortical cytoplasm. Pickett-Heaps (1967a) observed non-
cortical MTs - most frequently located around nuclei - in young cells of Chara 
fibrosa but whether these non-cortical MTs persist in older, multinucleate 
intemodal cells was unclear. Drugs that induce MT disassembly cause normally 
cylindrical internodal cells to grow as spheres (Fig. 1.1; Green 1962; Richmond 
1983) without affecting cytoplasmic streaming (Bradley 1973 ). Cell expansion 
patterns but not cytoplasmic streaming are therefore attributed to the presence of 
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MTs, consistent with their apparent confinement to the stationary cytoplasm in the 
cortex. 
The orientation of cortical MTs is of relevance to their presumed function in 
morphogenesis . Internodal cells form nearly perfect cylinders but have 
cytoplasmic features that are characteristically helical. These features include files 
of chloroplasts - along which run actin bundles causing cytoplasmic streaming -
and the chloroplast-free neutral line which separates zones of oppositely streaming 
cytoplasm (Williamson, 1975). Such distinctive patterns might be reflected in MT 
orientation but the MTs that have been described by electron microscopy (Nagai 
and Rebhun 1966; Pickett-Heaps 1967a; Hotchkiss & Brown 1987) are not aligned 
parallel to the helical cytoplasmic features. They have, however, been seen to lie 
parallel to wall mfs (Pickett-Heaps 1967a; Hotchkiss & Brown 1987), which are 
mainly perpendicular to the long axis in growing cells (Green 1958; Probine & 
Preston 1961; Richmond 1983) and of varied orientation in older, non-expanding 
cells (Green 1958; Probine & Barber 1966; Richmond 1983). The neutral line is 
also marked at the cell wall level by a local specialization known as the "wall 
striation" (Green 1954). In this region, mf orientation apparently differs from 
surrounding areas (Green and Chapman 1955; D. Flanders, personal 
communication). This observed anomaly in the wall structure suggests that the 
MTs in this region may also show altered configuration, a possibility that has not 
been explored by electron microscopy. 
In this chapter, the application of vacuolar perfusion for examining the MTs of 
characean internodal cells by immunofluorescence is described. MT distribution 
and orientation patterns visualized with this technique are presented and possible 
functions are discussed. 
II 
45 
2.2 MATERIALS AND METHODS 
The standard culturing, immunofluorescence and microscopical methods 
described below (sections 2.2.1, 2.2.3 & 2.2.5) were used for all experiments 
described in later chapters unless otherwise stated. Intemodal cells of both Nitella 
tasmanica and Chara corallina were used for the development of the 
immunofluorescence technique but the observations detailed in this chapter are 
based primarily on Nitella. 
2.2.1 Cell Culture 
Nitella tasmanica plant material was collected from the Murrumbidgee river at 
Old Yaouk homestead near Adaminaby, New South Wales. Chara corallina plant 
material was obtained from Googong Dam near Queanbeyan, New South Wales. 
Plants were maintained in a glasshouse in 75 1 plastic bins containing a layer of soil 
and filled with tap water. After comparing growth in various media (Forsberg 
1965; Andrews et al. 1984; Williamson & Hurley 1986) a modification of 
Forsberg's medium (1965) was found to be optimal. This medium contained 
(mM): NH4CI, 0.07; CaCI2 , 0.49; MgSO4, 0.41; Na2co3, 0.19; KCl, 0.4; 
morpholinepropane sulphonic acid, 0.5; together with (µM): K2HPO4, 3.23; 
FeCI3, 1.48; nitrilotriacetic acid, 10.5; ZnCI2, 0.73; MnCI2, 0.01; C0Cl2, 8.4X 
10-3; H3BO3, 6.5; Na2MoO4, 0.49; CuCl2, 2.99 X 10-
2; pH 7.0. For some early 
experiments, shoots containing several internodal cells were trimmed from plants 
and grown in 201 glass aquaria as described by Williamson & Hurley, 1986. For 
experiments requiring unchanging growth conditions, cells were cultured in a 
controlled temperature room at 18-20° under Grow-lux lighting with a 16/8 
light/dark cycle. To simplify handling of plant material, shoots were attached with 
dental wax to short plastic cylinders (the non-tapered end of pipetman tips). These 
plastic cylinders were anchored to the bottom of the tank by sliding them over a 
glass rod (see Fig. 2.1 ). This culturing method enables the transfer of several 
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shoots linked together by the glass rod (for example in transfer to fresh medium or 
inhibitor treatments) or the removal of one shoot at a time (for growth 
measurement or harvesting). The culture solution was replaced hebdomadally to 
maintain rapid growth. 
2.2.2 Immunocytochemistry 
For immunoblotting, the contents of internodal cells were extracted and 
proteins - precipitated with trichloroacetic acid - electrophoresed as described 
(Grolig et al. 1988 in press). Proteins were transferred overnight to nitrocellulose 
for blotting (Williamson et al. 1986). Ponceau-staining was done in order to 
observe the banding pattern of the extracts and the molecular weight standards. 
After a lh incubation with primary antibodies, blots were treated with anti-mouse 
IgG-biotin (Amersham, RPN1021) for lh (diluted 1:300 in PBS/BSA) then with 
streptavidin-horseradish peroxidase complex (Amersham,RPN1051) for 45 min 
(diluted 1 :400 with PBS/BSA) and developed in 4-chloro-1-naphthol substrate 
solution (Williamson et al. 1986). 
2.2.3 Antibodies 
Anti-tubulins screened included YLl/2, a rat monoclonal anti-a-tubulin of 
yeast (Kilmartin et al. 1982; Sera-Lab, MAS 077b; supernatant solution used 
undiluted); K2D7B8, a mouse monoclonal raised against SDS-purified mung bean 
a-tubulin (Mizuno et al. 1985; supernatant used undiluted); Amersham anti-a-
tubulin, a mouse monoclonal raised against native chick brain MTs (Amersham 
N .356; ascites fluid diluted 1: 1000 in phosphate buffered saline (PBS) with 1 % 
BSA); Amersham anti-P-tubulin, a mouse monoclonal raised against native chick 
brain MTs (Amersham N.357; ascites fluid diluted 1:500 in PBS with 1 % BSA); 
6-11 B-1, a monoclonal antibody specific for acetylated a-tubulin (generously 
provided by Dr. G. Piperno; supernatant used undiluted; Pipemo and Fuller 1985) 
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and TU-1, a mouse monoclonal antibody raised against pig brain tubulin 
(Czechoslovak Academy of Sciences; ascites fluid diluted 1 :500 in PBS with 1 % 
BSA). 
2.2.4 Immunofluorescence technique 
Cells were prepared for immunofluorescence microscopy by a variant of the 
vacuolar perfusion method described by Williamson (1975) using the 10-7M free 
Ca 2 + ATP-free solution (PS) containing 10 mM piperazine-
N,N'-bis(2-ethanesulfonic acid) (Pipes) buffer with 5 mM ethyleneglycol-bis-(~-
amino-ethyl ether)N,N,N',N'-tetraacetic acid (EGTA\ 4.49 mM MgC12, 70 mM 
KCl, 1.48 mM CaC12 and 200 mM sucrose at pH 7 .0. In the standard method, 
cells were: given a two minute perfusion to remove vacuole, tonoplast and most of 
the endoplasm; fixed with 1 % glutaraldehyde in PS for 20 min; washed in PBS for 
15 min; labelled for 1 h with primary antibody diluted in PBS with 1 % bovine 
serum albumin and 0.02% sodium azide; washed in PBS for 15 min; labelled for 
lh with secondary antibody also diluted in PBS/BSA/azide; washed in PBS for 15 
min and finally perfused with mounting medium. Cells were mounted in either 
modified mowiol (Wick & Duniec 1986) solution or 50% (v/v) glycerol in PBS 
containing 0.1 % (w/v) p-phenylene qiamine (Johnson et al. 1981), re-crystallized 
as described by Yocum (1980). 
2.2.5 Immunofluorescence Screening of Tubulin Antibodies 
The anti-tubulins used for immunoblotting were also screened for 
immunofluorescence microscopy. Supernatants were used undiluted and ascites 
fluids were diluted 1 :500 for initial tests. FITC-conjugated secondary antibodies 
were diluted 1 :30. Goat anti-rat IgG (Sigma, F-6258) was used with YLl/2 while a 
sheep anti-mouse IgG (Silenus, DDF) was used for all the other primary antibodies. 
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2.2.6 Standard Immunofluorescence Labelling Procedure 
For standard anti-tubulin immunofluorescence and all comparative 
experiments, YL 1/2 (Sera Lab, MAS 077b) was applied at 1: 10 to 1 :50 ( depending 
on the lot used). For labelling actin, C4, a mouse monoclonal raised against 
chicken gizzard actin (Provided by Dr. J. Lessard; Otey et al. 1986) was used at a 
concentration of 30 µg/ml ( diluted 1 :33 ). To double label actin and tubulin, anti-
actin was applied first, followed as usual with an anti-mouse IgG-FITC conjugate 
(either Sigma F-6258 or Silenus DAF/369). The rat monoclonal anti-tubulin, 
YLl/2 was subsequently applied and was followed with a species specific anti-rat 
IgG secondary antibody (preabsorbed with mouse IgG) that was conjugated to 
phycoerythrin (PE) (Biomeda, P76). 
2.2.7 Micro~copy 
To observe visible cytoplasmic features and MTs, perfused cells were 
examined intact as described (Williamson et al. 1984) using a Photomicroscope III 
(Zeiss, Oberkochen, FRG) equipped with Nomarski optics. For MTs, standard 
Zeiss fluorescein filters and an additional red-excluding barrier filter (Zeiss KP590) 
to reduce chloroplast autofluorescence were used. Cortical MTs of the upper 
hemicylinder were visible without interference from the light-absorbing chloroplast 
layer but those below the chloroplast layer and on the lower hemicylinder could 
not generally be seen. To observe MTs in the endoplasm, internodal cells that had 
been fixed and immunolabelled by perfusion were carefully cut open along the 
long axis and the cell opened to produce a flat slab with the cell wall surface 
against the slide. 
For double label immunofluorescence a system of barrier filters was devised 
so that fluorescein (FITC) and phycoerythrin (PE), which use the same excitor 
filter and fluoresce at similar wavelengths, could be used in the same preparation. 
Using an SP555 (Becton-Dickinson) and KP560 (Zeiss) filter combination 
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effectively eliminated the PE emissions from the FITC signal while a KP590 
(Zeiss) and LP570 (Becton-Dickinson) filter combination greatly reduced the FITC 
from the PE signal. 1 Both barrier filter combinations eliminated chloroplast 
au to fluorescence. 
To label nuclei, the DNA-specific fluorochrome Hoechst 33258 (a gift from J. 
Oliver; Laloue et al. 1980) was applied by perfusion. A 4 µg/rnl solution in PBS 
was applied for 10 minutes after antibody treatments. For Hoechst fluorescence, 
the ultra violet (BG 12) exciter filter and standard Zeiss barrier filters for UV 
excitation were used. Nuclei were also visible by Nomarski differential 
interference contrast microscopy. 
Photomicrographs were taken with Kodak Tri-X film, asa 400 with the 
automatic exposure meter set at 1600 asa and processed with Diafine developer. 
For work requiring finer detail, Kodak T-Max film (asa 400), "pushed" to 800 asa, 
was used. 
2.2.8 Fixation/ Microtubule Stabilization Experiments 
To compare preservation of MT structure, antigenicity and fluorescence 
quality, formaldehyde (1 to 3.7% w/v paraformaldehyde in PS) and glutaraldehyde 
(0.2 to 2% v/v in PS) were used alone and in combination. For studying the effect 
of perfusion on MT stability, cells were perfused for varying lengths of time prior 
to glutaraldehyde fixation. Alternative MT stabilizing methods included use of the 
glycerol-based MT-stabilization buffer of Bershadsky et al. (1978) instead of 
perfusion solution and the inclusion of dimethyl sulphoxide (DMSO) (Schroeder et 
al. 1985) at 1 to 20% (v/v) in PS. 
1. KP and SP signify short pass whereas LP refers to long pass. Short pass filters attenuate light of longer 
wavelength than the indicated number while long pass filters attenuate light that is of shorter 
wavelength . Thus, the KP590/LP570 combination works as a band pass (BP) filter passing light 
between 570 nm and 590 nm. 
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2.2.9 Inner Wall Replicas and Electron Microscopy 
For replica production, cells were prepared by a method similar to that used by 
Green (1958). Replicas could be produced from perfused and fixed intemodal cells 
and from freshly harvested cells using the same method, with equal ease. In both 
cases the protoplasm was easily removed by placing the cell - with both ends 
removed - in a small amount of water and gently stroking with an eyelash attached 
to a wooden applicator stick. Cells were then air-dried, cut along one side, re-
wetted and unfolded as described (Green 1958) being careful to make the cut 
parallel to the long axis for future reference. Sections of the wall were then placed 
inner side upward onto gelatin-coated coverslips and allowed to dry. Sections were 
placed in the shadow-casting device (Balzers; IKROl 0) with the long axis 
perpendicular to the platinum (Pt) gun and shadowed with C-Pt at an angle of 45° 
then shadowed with carbon normally. Excess coating was scraped away as close as 
possible to the coated specimen using a razor blade and chromic acid applied at 
half strength. When the specimen floated off the coverslip (the gelatin coating 
facilitated this) the strength of the chromic acid was increased to 5%. Specimens 
were left overnight to complete the removal of the wall material from the replica. 
The solution of chromic acid was gradually replaced with distilled water followed 
by sodium hypochlorite (half-strength at first, gradually increased to full-strength) 
and finally distilled water. Replicas were placed on coated grids and examined 
with a Hitachi-500 electron microscope. 
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2.3 RESULTS 
2.3.1 Immunofluorescence Technique 
For all comparative studies in this chapter, young cells shown in preliminary 
studies to have transverse MT arrays were selected. 
(i) Fixatives 
Glutaraldehyde fixation was selected for all immunofluorescence work. It 
preserves the in vivo appearance of the visible cortical structures (Fig. 2.2) and 
gives qualitatively and quantitatively (see chapter 3) uniform preservation of MTs 
and excellent antigenicity. Background fluorescence was minimal when a 1 % 
solution of glutaraldehyde was used (Fig. 2.3a). Formaldehyde, used alone or in 
combination with glutaraldehyde resulted in MTs aggregated in places and absent 
in others and weak MT fluorescence (Fig. 2.3b). 
(ii) Pre-fixation Perfusion Time 
Pre-fixation perfusion time was found to be critical for the accurate 
preservation of cortical MTs (Fig. 2.4). Initial perfusion without fixative is 
necessary for removal of the tonoplast membrane to ensure rapid fixation, even 
penetration of antibodies into the cortex and reduction of background fluorescence 
(Fig 2.4 a-c). If fixative is introduced later than 2 minutes after the start of 
perfusion, gradual disassembly of MTs occurs (Figs. 2.4 d-1) presumably because 
of a decrease in the free tubulin concentration. Depolymerization does not, 
however, appear to occur uniformly throughout the population of MTs. For 
example, some very short MTs are seen at intermediate stages of disassembly 
(Figs. 2.4 f & g) while others remain relatively long. 
Similar patterns of disassembly can often be seen near the cut ends of a 
perfused cell, possibly due to larger or longer acting (ie. tonoplast is first lost at the 
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cell ends) concentration gradients of free tubulin in these regions or mechanical 
damage during cutting. That this is not a normal pattern at the ends of cells was 
confirmed by starting the perfusions from positions distant to the nodal regions; 
MT depletion was now present in regions that formerly had many MTs. Clearly it 
is very important to keep disassembly to a minimum by using short perfusion and 
to avoid the cut ends of cells for qualitative and quantitative analysis. 
(iii) Microtubule Stabilizers 
The ATP-free perfusion solution provides optimal MT preservation without 
the need for commonly-used MT-stabilizers such as glycerol or DMSO. The 
glycerol-based MT-stabilization buffer of Bershadsky et al. (1978) preserves MTs 
but disrupts the alignment of visible cytoplasmic features such as chloroplast files 
and hence may locally disorient MTs (results not shown). DMSO at low 
concentrations (1 %) has no obvious effects while higher concentrations (2-10%) 
cause massive disruption of chloroplast files and MTs (Figs. 2.5 to 2.9). 
Regulation of pre-fixation perfusion time was found to be the most reliable means 
of consistent MT preservation. 
2.3.2 Antibody Screening by Immunoblotting 
To identify monoclonal antibodies specific for Nitella tubulin, total protein 
extracts of internodal cells were electrophoresed (Fig. 2.10) and immuno blotted 
(Fig. 2.11). Four antibodies that tested positively were: YLl/2, a rat anti-yeast 
tubulin monoclonal specific for the tyrosinated carboxyl terminus of the a-tubulin 
subunit (Kilmartin et al. 1982; Wehland et al. 1983 ); K2D7B 8, a mouse 
monoclonal raised against SOS-purified mung bean a-tubulin (Mizuno et al. 1985) 
and both Amersham anti-a-tubulin and anti-B-tubulin, mouse monoclonals raised 
against native chick brain microtubules (Blose et al. 1982). Two antibodies were 
negative on blots: 6-llB-l, a monoclonal specific for acetylated a-tubulin (Pipemo 
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& Fuller 1985) and TU-1, a monoclonal raised against pig brain tubulin (Viklicky 
et al. 1982). 
2.3.3 Immunofluorescence Screening of Tubulin Antibodies 
The antibodies tested by immunoblotting were also screened for MT 
recognition by immunofluorescence microscopy. Cells of similar age and fixed 
according to the same protocol were used to compare the various anti-tubulins. Of 
6 antibodies tested, YLl/2, the antibody specific for tyrosinated a-tubulin, 
(Fig. 2.12) gave the best results. By comparison, Amersham ~-tubulin (Fig. 2.15) 
labelled the MTs relatively weakly and non-specific fluorescence was quite high. 
K2D7B 8 was very weak and labelled MTs of highly variable orientation 
(Fig. 2.13) which appeared to be arranged in branched clusters of 2 or more 
elements. On close examination similar MT clusters can be seen in cells labelled 
with YLl/2 (Fig. 2.12). Amersham anti-a-tubulin (Fig. 2.14), anti-acetylated 
tubulin (Fig. 2.16) and TU-1 (not shown) did not label any filamentous MT 
structures. However both Amersham a-tubulin and 6-llB-1 caused bright 
fluorescence in vesicles of the chloroplast layer. 
2.3.4 Cortical Microtubules 
(i) Location and General Description 
Immunofluorescence microscopy using anti-tubulin confirmed earlier electron 
microscopy (Nagai & Rebhun 1966) in showing MTs in the cortical cytoplasm 
between the plasma membrane and chloroplast files. Following the standard 
glutaraldehyde fixation, the MT array looks uniform throughout the length of the 
cell (with the exception of some disassembly and mechanical damage near the cut 
ends). The individual structures are short in relation to cell circumference and of 
variable length within an array. Most of the MTs lie in a thin layer of the outer 
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cortex; apart from MTs moving out of focus with the curvature of the cell (see 
Figs. 2.3a & 2.18a) they lie in one plane of focus. 
(ii) Orientation of Cortical Microtubules 
Orientation patterns were quite variable in different cells with young cells 
having MTs mostly perpendicular to the cell's long axis (Fig. 2.18) while the MTs 
of older cells appeared to lack any preferred orientation (Fig. 2.19). MTs are not 
strictly parallel to one another in the arrays of young cells but instead are scattered 
about the transverse axis. In addition, a few MTs are generally seen at angles quite 
removed from the transverse (see Fig. 2.12 & 2.13). Some MTs are occasionally 
seen running parallel to the chloroplast files (Fig. 2.22b) but this seems to be an 
exception and in general the non-transverse MTs are oriented in highly variable 
directions (see Fig. 2.13) and frequently in forked clusters (see Fig. 2.13 and 
discussion in section 2.4.2). 
(iii) Microtubules at the Neutral Line: 
Above the neutral line (the region between the two opposing flows of 
streaming cytoplasm) the MT array frequently shows an altered configuration. 
This is partly because chloroplasts, which lie beneath the MT array and contribute 
to background fluorescence are absent from this zone as shown in Figure 2.22. In 
addition, MTs above the neutral line tend to be unevenly dispersed and frequently 
are reduced in number or completely absent (Fig. 2.24) after the standard 
perfusion/fixation procedure. This tendency is less noticeable when cells are fixed 
immediately after perfusing (Fig 2.23, 2.25) so it is likely that the lack of MTs 
above the neutral line is caused by depolymerization during perfusion. 
Unfortunately cells that are fixed immediately upon perfusion are also very poorly 
perrneabilized causing inconsistent labelling and high background fluorescence. In 
cases where permeabilization is incomplete, MTs on one or both sides of the 
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neutral line often remain unlabelled (Figs. 2.25 & 2.26) indicating differential 
accessibility of antibodies to this region. Although the initial perfusion step 
appears to cause MT depolymerization above the neutral line it was necessary for 
good immunolabelling of the remaining MTs. Thus, cortical MTs above the 
neutral line appear to be less stable than those of adjacent regions. 
In summary, the cortical MT array, observed with immunofluorescence 
appears to consist of a continuous planar array of relatively short, discrete linear 
elements. This array lies subjacent to the plasma membrane and is separated from 
the streaming cytoplasm by a layer of chloroplasts. The orientation of the cortical 
MTs is variable within an array but seems to be perpendicular to the long axis in 
younger internodal cells and highly variable in older non-expanding cells. The 
orientation of such features as the chloroplast files and the direction of cytoplasmic 
streaming is not obviously related to the organization of cortical MTs. 
2.3.5 Cell Wall Texture 
The organization of cell wall mf s was determined by examining replicas of the 
inner cell wall with an electron microscope. Microfibrils were found to be oriented 
in similar directions as cortical MTs in cells of similar age; in young cells they are 
aligned perpendicular to the cell's long axis (Fig. 2.20) while in older, non-
expanding cells they appear to be randomly-oriented (Fig. 2.21). Comparing the 
distribution of MTs and mfs (Compare Figs. 2.18 and 2.19 with Figs. 2.20 and 2.21 
respectively), microfibrils, however, appear to be much more tightly packed than 
MTs. The pattern of mf deposition is uniform throughout the length of a cell 
except outside the neutral line, where mf alignment is distinct from adjacent 
regions (Fig. 2.27) possibly reflecting the altered MT patterns seen in the outer 
cortex. 
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2.3.6 Endoplasmic Microtubules 
(i) Visualization 
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Using immunofluorescence, MTs were detected not only in the cortex but also 
in the endoplasm. Conventional viewing of the intact perfused cell from the outer 
surface generally does not reveal endoplasmic MTs except occasionally at the 
neutral line region. This is due to light absorption from the chloroplast layer which 
also prevents detection of cortical MTs on the far side of the cell (i .e., the lower 
hemicylinder). Extracting chlorophyll with acetone permitted endoplasmic MTs 
(and cortical MTs on the far side of the cell) to be seen but background 
fluorescence was also increased (results not shown). However, by cutting open 
internodal cells to produce single layer preparations and viewing these preparations 
from the inner side, endoplasmic MTs were easily observed (Figs. 2.28 & 2.29). 
(ii) Distribution and Orientation of Endoplasmic Microtubules 
Endoplasmic MTs are seen in two configurations. Some are of highly variable 
orientation and are located in the streaming cytoplasm (Figs. 2.34, 2.35 & 2.36). 
Others are aligned in approximately the same orientation as the chloroplast files 
(Figs. 2.29 & 2.30). These are generally short in length, sparsely distributed and 
positioned at the same level as the subcortical actin cables (Fig. 2.37b). Both sets 
of MTs showed disassembly behaviour similar to cortical MTs when perfusion was 
extended beyond the standard 2 minutes (data not shown). 
(iii) Nuclei and Microtubules 
The DNA-specific fluorescent dye Hoechst 33258 was used to identify the 
nuclei of internodal cells. These nuclei are spherical to ovoid in shape and 
elongated nuclei occasionally show constricted mid-regions (Fig. 2.35a). In size 
they are highly variable and range from about 5 µm to over 20 µmin length. 
Located in the streaming endoplasm close to the chloroplast layer, they are often 
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very numerous in internodal cells and can occur singly (Figs. 2.31 & 2.34) or in 
large clusters (Figs. 2.35 & 2.40). 
Anti-tubulin immunofluorescence using the antibody YLl/2 showed that MTs 
were frequently associated with nuclei. In some cases MTs appeared to be 
appressed to the outer surface of nuclei (Figs. 2.34b & 2.36c) while in other cases 
they were dispersed throughout the region surrounding clusters of nuclei 
(Fig. 2.35). Whereas MTs near the actin cables are generally straight, those 
associated with nuclei are frequently curved (Figs. 2.34 & 2.36) or oriented at a 
variety of different angles (Fig. 2.35). 
(iv) Perinuclear Fluorescence 
In addition to the labelling of MTs a diffuse signal associated with nuclei was 
also detected with anti-tubulin immunofluorescence. This fluorescence was mostly 
restricted to the nucleus itself but occasionally labelled surrounding material 
(Fig. 2.31 b ); in the case of large clusters of nuclei (Fig. 2.35) this is particularly 
evident. Control experiments with only the FITC-conjugated secondary antibody 
showed no such fluorescence (Figs. 2.32 & 2.33) demonstrating that this 
perinuclear labelling is the result of binding of the tubulin antibody. Perinuclear 
fluorescence was not as bright as the signal from labelled MTs (Fig. 2.34) but 
much greater than the usual weak autofluorescence of the nuclei. Whether this 
fluorescence is due to specific or non-specific binding remains to be determined. It 
is of interest however that the intensity of the fluorescence is variable among 
nuclei. For example, nuclei that appear to be in the process of division are more 
intensely fluorescent than otherwise (Fig. 2.36). 
2.3.7 Anti-Actin Immunofluorescence: 
To compare the distribution of MTs with actin filaments, a survey of actin in 
Nitella internodal cells was carried out using glutaraldehyde fixation and an 
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antibody raised against chicken gizzard actin (Otey et al. 1986). Most conspicuous 
were the subcortical arrays of actin cables aligned beneath and parallel to the 
chloroplasts (Fig. 2.30). The cortical cytoplasm was devoid of actin staining apart 
from occasional actin cables that were seen to cross the chloroplast layer into the 
cortex (Fig. 2.39). Accidental mechanical removal of the actin cables and the 
chloroplasts (Fig. 2.30) does not affect the sub-plasmalemmal MTs and 
furthermore, the orientation of the cortical MT array appears to be unrelated to the 
orientation of the actin cables (see also Ch. 3). It therefore seems unlikely that 
there is a direct connection between the two arrays. It seems plausible however 
that the MTs of the endoplasm that are aligned parallel to the chloroplasts are in 
some way associated with the actin cables. Attempts to double label the cells with 
tubulin and actin antibodies (Fig. 2.30) have so far been unable to determine the 
nature of this association. 
Following anti-actin immunofluorescence, virtually every nucleus had actin 
filaments associated with it. These generally formed hoops of variable diameter 
that often encircled the nuclei. Orbital patterns are variable and frequently more 
than one such hoop was found attached to a nucleus (Figs. 2.38-43). In some cases, 
filaments also projected from the nuclei (Fig. 2.43) and appeared to be associated 
with the actin cables. Examination of nuclei that appeared to be undergoing 
division did not show unusual actin filament conformations. 
.__ 
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2.4 DISCUSSION 
2.4.1 Immunofluorescence Technique 
Immunofluorescence microscopy has many advantages over electron 
microscopy for studying the cytoskeleton of characean internodal cells. Many 
more cells can be processed with relative ease and the difficulties of fixation and 
embedding for E.M. (e.g., plasmolysis, distortion of chloroplasts) are avoided. Of 
particular value, the whole cell can be observed essentially intact so that the overall 
distribution of various elements can be observed in three dimensions. Thus, with 
immunofluorescence MTs are seen in the cortex as previously reported (Nagai & 
Rebhun 1966) and for the first time, aligned with and near to the subcortical actin 
cables and surrounding and associated with nuclei of the streaming cytoplasm. 
Instead of the standard methods for plant immunofluorescence microscopy 
involving wall digestion and detergent permeabilization, intracellular perfusion 
was used to permeabilize (by tonoplast removal), fix and treat Nitella cells with 
antibodies. Vacuolar perfusion was developed to support cytoplasmic streaming 
after tonoplast removal with minimal distortion to the components of the cortical 
cytoplasm visible in vivo (chloroplasts, sub-plasmalemmal organelles and actin 
bundles [Williamson 1975, 1985]). The method has attractive features for 
immunocytological applications. Proteases (Moriasu & Tazawa 1986) are quickly 
removed so that proteolytic inhibitors need not be included in the MT stabilizing 
buffer. By eliminating the tonoplast (Smith & Walker 1981; Williamson 1975) the 
contents of the endoplasm can be quickly exchanged such that fixative can be 
rapidly introduced to the cell and antibodies can penetrate relatively easily into the 
cortex. Likewise, washing the cell after fixation and between antibody treatments 
is very efficient. Vacuolar perfusion should also leave the plasma membrane in a 
functional condition (Smith & Walker 1981) with its associated MTs (Nagai & 
Rebhun 1966) minimally perturbed . 
·--
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Extended perfusion stimulated MT disassembly, presumably by depleting 
unpolymerized tubulin. Comparison of cells fixed after various perfusion times 
and those exposed immediately to glutaraldehyde (Fig. 2.4), however, showed no 
obvious disassembly (apart from above the neutral line) unless the start of fixation 
was delayed more than two minutes after the cell was cut. This amount of time is 
sufficient for removal of the tonoplast and contents of the central vacuole. 
After comparing glutaraldehyde with formaldehyde and investigating DMSO 
(Schroeder et al. 1985) and glycerol (Bershadsky et al. 1978) as MT stabilizers, 
glutaraldehyde in PS is clearly superior: MTs were uniformly preserved along the 
cell and the visible features of the cortical cytoplasm were undistorted. There are 
no conspicuous signs of finer components merging into substantially thicker 
structures separated by MT-depleted regions whereas MTs of formaldehyde-fixed 
Nitel/a (Fig. 2.3b) and other plant cells (Wick et al. 1981; Roberts et al. 1985) 
show such configurations commonly interpreted as lateral aggregation. 
Formaldehyde fixation is adequate for preservation of the MT array but does not 
provide the quality of detail provided by glutaraldehyde fixation. Glutaraldehyde 
is conventionally considered the best fixative for plant material (Mersey & 
McCully 1978) but is generally not used for immunofluorescence because 
nonspe.cific staining is frequently induced (Simmonds et al. 1985). High 
background fluorescence was clearly not a problem with the vacuolar perfusion 
method of immunolabelling presumably because extraction of soluble proteins was 
complete before the fixative was introduced. 
The value of agents that promote MT stability in immunofluorescence is 
dubious. It is possible that agents such as DMSO and glycerol may promote MT 
assembly (see chapter 6) such that the normal configuration is altered. Furthermore 
glycerol and DMSO clearly have deleterious effects on cell structures and the 
organization of the MT array in Nitella (Figs. 2.5 to 2.9). 
.... 
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2.4.2 Immunocytochemistry 
The results of the immunoblotting experiment show that Nitella tubulin is 
recognized by monoclonal antibodies raised against a diverse selection of tubulins 
including yeast a-tubulin, mung bean a-tubulin and chick brain a- and ~- tubulins. 
Immunofluorescence labelling with these antibodies can therefore be attributed to 
tubulin specificity. The best fluorescent image (Fig. 2.12) was obtained with 
YLl/2, the antibody specific for tyrosinated a-tubulin (Wehland et al. 1983) which 
also cross-reacts with a-tubulin of mammals (Kilmartin et al. 1982) and detects all 
types of MT arrays known in higher plant cells (Wehland et al. 1984). Labelling 
with the other anti-tubulins was either very weak or negative. 
K2D7B8, an antibody specific for plant a-tubulin labelled what appeared to be 
a subpopulation of MTs in the cortical MT array. Since these generally non-
transverse, branched clusters of MTs are also seen amidst the predominantly 
transverse MTs labelled with YLl/2, they do not merely represent a random 
sample of the total set of MTs. The antibody could be recognizing a separate 
tubulin isoform that assembles to branched clusters but a more plausible 
explanation is that it cannot recognize the transversely-oriented MTs because the 
antigenic site is modified or obscured [the binding site for YLl/2 is known to be 
accessible in assembled MTs (Wehland et al. 1983)]. K2D7B8 was raised against 
highly purified tubulin (Mizuno, et al. 1985) which may differ antigenically from 
intact MTs. Attachment of a MT-associated protein could, for example, account 
for such a change in antigenicity (and perhaps a change in orientation as well). 
Posttranslational modification is one way the cell can produce different tubulin 
isoforms that possibly contribute to varied MT behaviour and function. Both 
detyrosination and acetylation ofa-tubulin appear to correlate with MT stability 
(Kumar & Flavin 1982; Piperno & Fuller I 985; LeDizet & Piperno 1986; 
Gundersen and Bulinski 1986b; Piperno et al. 1987; Gundersen et al. 1987; Sasse 
et al. 1987; Wehland & Weber 1987; Webster et al. 1987b; Kreis 1987; Bulinski et 
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al. 1988; Cambray-Deakin & Burgoyne 1987; K.hawaja et al. 1988) suggesting that 
these processes may be involved in the process of MT stabilization. Microtubules 
containing acetylated a-tubulin have been found in a wide range of cells including 
mammalian culture cells (Piperno et al. 1987), Physarum (Sasse et al. 1987; 
Diggins & Dove 1987) and the green alga Chlamydomonas (L'Hernault & 
Rosenbaum 1983). A monoclonal antibody specific for acetylated a-tubulin 
(Piperno & Fuller 1985) was negative in immunoblotting and immunofluorescence 
trials suggesting that this type of posttranslational modification does not occur in 
Nitella internodal cells (the antibody used was shown to have retained activity 
against Chlamydomonas flagellar and sheep brain tubulins (personal 
communication, P.P. Jablonsky & R.E. Williamson). That detyrosinated tubulin is 
present has not yet been determined; however, the similar staining observed with 
YLl/2 which is specific for tyrosinated a-tubulin (Wehland et al. 1983) and with 
an anti j3-tubulin suggests that the vast majority of MTs are rich in tyrosinated a-
tubulin. These preliminary findings suggest that posttranslational modification is 
not a feature of MT assembly in Nitella internodal cells. It could mean that the 
MTs are relatively dynamic, i.e. short lived (Schulze et al. 1987) or alternatively 
that stability is imposed by other means, for example by OTP-capping or the 
binding of MAPs. 
2.4.3 Patterns of Microtubule Disassembly 
The gradual loss of MTs observed after prolonged perfusion is likely caused 
by a steady drop in the concentration of free tubulin. Comparing 
immunofluorescence patterns after different perfusion times suggests that 
disassembly is non-uniform; MT numbers are reduced while mean length of the 
remaining MTs appears to remain relatively constant and some very long MTs are 
present even when disassembly is nearly complete. These observations are in line 
with the behaviour of MTs in vitro subjected to lowered free tubulin concentration 
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and referred to as dynamic instability (Kirschner & Mitchison 1986). According to 
this model, some MTs rapidly shorten while others continue to slowly elongate 
even when the free tubulin concentration is decreased. It would clearly be 
interesting to follow such disassembly patterns in a single cell and to compare MT 
disassembly and orientation. 
2.4.4 Cortical Microtubules 
Although immunofluorescence microscopy cannot determine the precise 
location of the cortical MT array, removal of the chloroplast layer and actin cables 
leaves MTs unaltered (Fig. 2.30) suggesting that they are not linked to these 
structures. Furthermore, MTs appear to form a relatively planar rather than 
3-dimensional network. These observations and the results of E.M. studies (Nagai 
& Rebhun 1966; Pickett-Heaps 1967a; Hotchkiss & Brown 1987) support the idea 
that the cortical MT array is very close or attached to the plasma membrane 
(Brower & Hepler 1976; Hardham & Gunning 1978, 1980; Lloyd et al. 1980b) 
where it can participate in the ordered deposition of cellulose microfibrils. Nitella 
MTs do not occur in large bundles nor do they form helices - configurations that 
sometimes are seen in other plant cells prepared for anti-tubulin 
immunofluorescence (see Lloyd 1984; Lloyd & Seagull 1985). Instead they appear 
as relatively short, discrete elements (possibly individual MTs) oriented at various 
angles but contributing to the overall pattern of the array. Thus MTs in young cells 
are distributed about the transverse axis whereas those in older, non-growing cells 
appear to be distributed with no preferred orientation ( compare Figs. 2.18 and 
2.19). 
2.4.5 Cell Wall Microfibril Organization 
The observed similarity in wall mf and cortical MT orientation patterns in 
cells of similar age supports the idea that MTs are involved in controlling wall 
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deposition (Green & King 1966). The appearance of the inner cell wall replicas 
suggests that mfs are much more densely packed than MTs . This impression 
probably results from the fact that replicas show the accumulation of mfs over a 
relatively long period whereas anti-tubulin immunofluorescence reveals the MTs 
that are present at only one moment in time. 
2.4.6 Microtubules at the Neutral Line 
Above the neutral line - the chloroplast-free region separating opposing 
streams of cytoplasm - the array of cortical MTs often contains fewer elements than 
adjacent areas. This change in MT concentration appears to be largely a result of 
MT depolymerization during pre-fixation perfusion, since cells that are not 
perfused prior to fixation show little sign of MT loss in this region (Fig. 2.23 ). 
Why are the cortical MTs above the neutral line less stable than those of adjacent 
regions? It may be that the neutral line exposes the cortex directly to the 
endoplasm (which during perfusion may become relatively free of unpolymerized 
tubulin) or to the perfusion solution itself whereas the cortical chloroplasts and 
associated organelles may "shield" adjacent regions. The existence of a membrane 
- the chlorolemma - between the streaming endoplasm and the stationary cortex of 
Nitella has been proposed (Gyenes & Saxena 1985) but there is very little direct 
evidence that such a membrane exists. Alternatively MTs above the neutral line, 
unlike those outside the neutral line, may not be stabilized through, for example, 
attachment to the plasma membrane. Although MT orientation does not appear to 
change at the neutral line, perhaps MTs in this region do not regulate mf deposition 
as they are evidently able to do in the rest of the cell wall (Green 1962; Richmond 
1983; Chapter 5) resulting in a change observed in the cell wall structure of this 
zone (Fig. 2.27) - the wall striation of Green (1954). 
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2.4.7 Endoplasmic Cytoskeleton 
The present immunofluorescence study has confirmed that MTs are present in 
the endoplasm of Nite/la internodal cells contrary to Nagai and Rebhun's (1966) 
contention that MTs in Nitella internodal cells are confined to the cortex. By 
cutting open cells prepared for immunofluorescence, a clear description of nuclei, 
MTs and actin-containing elements (preserved by glutaraldehyde) in the endoplasm 
has been made. MTs were detected below the chloroplast layer and in the vicinity 
of nuclei in the streaming endoplasm. For the first time, actin filaments associated 
with nuclei were observed. The possibility that extraction of some cytoskeletal 
elements from the endoplasm could occur during perfusion cannot be ruled out. 
The picture gained from this study may therefore be incomplete. 
2.4.8 Subcortical Microtubules 
A small number of MTs were found at about the same level as the subcortical 
actin bundles. These subcortical MTs are predominantly oriented in the same 
direction (see Figs. 2.29 & 2.30) and lie in the same plane of focus (Fig. 2.37b) as 
the actin cables so it is possible there is some association between the two 
elements. Whether this relationship involves motive force generation seems 
unlikely since cytoplasmic streaming and its recovery from cytochalasin inhibition 
are not affected by treatment with MT inhibitors (Bradley 1973 ). The function of 
these MTs is therefore uncertain but it is interesting in the light of many recent 
observations of MTs co-distributing with actin filaments in plant cells (Gunning & 
Wick 1985; Clayton & Lloyd 1985; Derksen et al. 1986; Seagull et al. 1987; 
Palevitz 1987; Traas et al. 1987; Kobayashi et al. 1987; Kakimoto & Shibaoka 
1987a & b). 
It would clearly be interesting to know how these sub-cortical MTs are 
aligned. If they are extremely long-lived they might be strain-aligned by wall-
deformation along the major growth axis as are chloroplasts and actin cables 
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(Green 1954, 1963, 1964). However since they disassemble at about the same rate 
as cortical MTs during perfusion this seems unlikely. More plausibly they are 
indirectly strain aligned through connections to either the chloroplasts or actin 
cables. Alternatively, these MTs could themselves be motile: either flow-oriented 
by the direction of streaming cytoplasm (see Williamson et al. 1984) or linked to 
the actin cables through for example, myosin (Grolig et al. 1988 in press) or an 
analogue of MAP-2 known to link MTs and F-actin in mammalian cells (Pollard et 
al. 1984). 
2.4.9. Perinuclear Microtubules 
Hoechst staining allowed vast numbers of nuclei of various sizes and shapes to 
be observed. Presumably these included nuclei at different stages of division since 
larger nuclei were often elongated and displayed constricted mid- regions. 
Immunolabelling with anti-tubulin showed MTs close to and attached to some of 
the nuclei. Such MTs appeared to follow no regular pattern with MTs interspersed 
in groups of nuclei (Fig. 2.35) generally oriented at any angle. The full extent of 
endoplasmic MTs may be greater than seen in this study since some might be 
removed from the cell or rearranged by the flow of perfusion solution. Those MTs 
attached to nuclei appeared highly convoluted (Fig. 2.34b) or curved with the 
perimeter of the nucleus (Fig. 2.36c). What function these MTs might have is 
uncertain but the fact that they are only associated with some of the nuclei suggests 
that they may be involved in a transient process such as nuclear division which, 
according to Pickett-Heaps (1967a) occurs by amitosis. It may be significant that 
only young internodal cells were examined in this study for endoplasmic MTs 
since Pickett-Heaps (1967a) described MTs around nuclei of young vegetative 
cells of Chara fibrosa. 
In addition to filamentous staining patterns, a diffuse fluorescence specific to 
anti-tubulin was usually observed around the periphery of nuclei. The intensity of 
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this fluorescence is variable with those nuclei that appear to be dividing fluorescing 
much more intensely than others. This suggests that the presence of tubulin may 
be related to the division process. Perinuclear fluorescence could be due to 
unpolymerized tubulin but it could also indicate the presence of MTs within the 
nucleus but not resolved because the nuclei are not permeabilized. Interestingly, 
Pickett-Heaps (1967a) and Bradley (1973) reported the presence of 28 nm tubular 
elements within the nuclei of Chara and Nitella internodal cells. These were 
arranged in groups and frequently were found near the nuclear envelope. They did 
not, however, closely resemble "normal" MTs. Diffuse perinuclear fluorescence 
has been observed in other plant cells using various anti-tubulins (Simmonds & 
Setterfield 1983; Wick & Duniec 1983; Schroeder et al. 1985; La Claire 1987) and 
appears to signal the onset of mitosis. 
The relevance to other plant cells of perinuclear tubulin and MTs in Nitella 
internodal cells is questionable; the nuclei are motile and cytokinesis is no longer 
coupled with nuclear division which proceeds without disassembly of the cortical 
MT_ array. Whether such unusual MT arrays are the result of the multinucleate 
condition of these cells or whether it is a phylogenetic peculiarity is uncertain. It is, 
perhaps significant that similar arrays have been observed in the coenocytic 
chlorophytes Ernodesmis and Boergesenia (La Claire 1987). As in Nitella 
internodal cells, nuclei in Ernodesmis and Boergesenia undergo division without 
disassembly of the cortical MT array. La Claire speculates that this may occur 
because the perinuclear MTs provide a pool of tubulin needed for repeated nuclear 
division. Thus, both cell types appear to have cortical and endoplasmic MT arrays 
that are spatially and functionally distinct and therefore should require sufficiently 
large tubulin pools in order to operate at the same time. Consistent with this idea, 
perinuclear MTs are not observed in the chlorophytes Aphanochaete (Segaar & 
Lokhorst 1988) and M ougeotia (M. Galway, personal communication) in which 
mitosis and cytokinesis are coupled. 
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Pickett-Heaps' (1967a) observation that MTs of unknown function are 
frequently found around the nucleus of young, mononucleate, vegetative cells of 
Chara suggests that such arrays may not be unique to the giant internodal cells. 
Thus, perinuclear MTs of Nitella internodes might not be a manifestation of the 
specialized, multinucleate condition. Other functions such as the anchorage of 
nuclei (Lloyd et al. 1987) have been attributed to MTs. For example, in 
Ernodesmis and Boergesenia, the MT-laden nuclei are stationary whereas in 
Bryopsis - whose nuclei are motile - no perinuclear MTs have been described 
(Menzel & Schliwa 1986). Characean nuclei, however, normally move in the 
endoplasm. 
2.4.10 Actin Filament Association with Nuclei 
Nuclei were seen to have associated actin filaments in the form of rings or 
loops of various sizes. Unlike MTs, actin filament rings are found on virtually 
every nucleus suggesting that they are involved in a process that operates 
constantly. It seems unlikely that they are involved in the nuclear cycle because no 
obvious pattern changes occur with dividing nuclei [cf. the filamentous structures 
involved in plastid division (Tewinkel & Volkmann 1987)]. More likely, these 
filaments are involved in the movement of nuclei through the cytoplasm. The fact 
that actin filaments form rings or loops is of great interest. These could act as 
tracks along which myosin could move and this might explain the characteristic 
spinning of nuclei that is seen in some charophytes (Kamiya 1962; Kuroda 1964) 
as they move through the cytoplasm. Finally, actin filaments occasionally formed 
short projections from the nuclei (Fig. 2.43) by which in some cases the nuclei 
appeared to be connected with the actin cables (Fig. 2.39). [This was particularly 
evident when a scanning confocal microscope was used to examine these elements; 
data not shown.] The dissimilar arrangement of nuclear MTs and actin filaments 
' 
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suggests that the 2 elements are not co-aligned. Whether they operate 
independently or in some co-ordinated fashion remains to be determined. 
... 
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2.5 CONCLUSION 
Immunofluorecence microscopy using the vacuolar perfusion method provides 
excellent preservation and visualization of MTs in characean internodal cells. 
Several anti-tubulins of diverse origin cross-reacted with Nitella tubulin on blots 
and at least three labelled glutaraldehyde-fixed MTs in immunofluorescence trials. 
Most prominent is the extensive array of cortical MTs located just below the 
plasma membrane. In growing cells these MTs are mostly oriented 
circumferentially, supporting the view that they are involved in the alignment of 
cell wall microfibrils. MTs show little sign of bundling or forming helices and the 
overall orientation does not appear to be directly related to the orientation of the 
helical cytoplasmic features. Specific configurations within the array and MT 
disassembly patterns suggest that MTs are dynamic structures with variable 
stabilities. The arrangement of MTs observed by immunofluorescence may 
therefore represent one moment in a system that is in a state of constant flux. 
MTs were also found in the sub-cortical layer, aligned and possibly associated 
with the prominent actin cables. The abundant nuclei, located in the streaming 
endoplasm were also examined and a system of actin rings and peripheral MTs was 
discovered . 
CHAPTER 2 - FIGURES 
In all figures, except 2.32 to 2.35, photographs are presented so that their relative 
orientation with respect to the cell axis and to each other is preserved. Thus, all 
photographs are positioned so that the orientation with respect to the long axis of 
the cell corresponds to the vertical axis of the page. 
Fig. 2.1. Chara shoots growing in controlled conditions. Shoots containing 
several internodal cells are attached with dental wax to plastic cylinders which 
are then slid over a glass rod. This system enables individual shoots to be 
removed one at a time for measurement or harvesting. Alternatively, all of the 
shoots attached to one rod can be removed at once as is necessary for 
reculturing in fresh medium or for inhibitor treatments. 
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Fig. 2.2. In vivo and fixed appearance of visible features of the cortical cytoplasm 
of a single Nitella internodal cell. Nomarski differential interference contrast 
micrographs of the same field of view (a), before perfusion and (b), after 
fixation with 1 % glutaraldehyde. Fig. 2.2a: Parallel files of chloroplasts are 
the dominant visible features of the cortex and form a helix with respect to the 
cell's long axis. The rapidly streaming endoplasm lies at a lower focal plane. 
Fig. 2.2b: When fixed by perfusion with 1 % glutaraldehyde in perfusion 
solution, files of chloroplasts retain their in vivo appearance and alignment. 
Fig. 2.3. Comparison of glutaraldehyde and paraformaldehyde fixation for the 
preservation of microtubules. Both cells were processed for anti-tubulin 
immunofluorescence using the vacuolar perfusion technique. Fig. 2.3a: 1 % 
glutaraldehyde fixation: MTs are clearly defined and brightly fluorescent. 
There is very little evidence of regions devoid of MTs or of the aggregation of 
MTs into bundles. The MTs of the upper left and lower right corners of the 
photograph are out of focus due to the curvature of the cell and the shallow 
depth of field of the objective lens. Fig. 2.3b: 3.7% paraformaldehyde 
fixation: MTs are weakly fluorescent and are unevenly distributed with 
numerous gaps (arrows) between what appear to be aggregated MTs. 

Fig. 2.4. Effect of pre-fixation perfusion time on the preservation of the MT array. 
All micrographs are from cells of similar age processed for anti-tubulin 
immunofluorescence. a & b: Fixative included in initial perfusion solution. 
The cortical microtubules are preserved but incomplete removal of the 
tonoplast membrane and endoplasm results in inconsistent antibody 
penetration. In some regions, MTs are unlabelled (a) whereas in others (b), 
background fluorescence is very high. c: 2 minute perfusion prior to fixation. 
MTs are well preserved, brightly fluorescent and at least as numerous as in a. 
Note the predominantly transverse MT orientation. d to 1: Progressively longer 
perfusion times: 4 min (d), 6 min (e), 8 min (f), 10 min (g), 12 min (h), 14 min 
(i), 16 min U), 18 min (k), 20 min (1). Microtubules decrease in number (d & 
e) and eventually very short MTs are seen (g, h, i). The density of the array 
continues to decrease for about 20 minutes after which very few MTs are 
observed. In the later stages of MT depolymerization (h to 1) relatively long 
MTs are still observed suggesting that disassembly is not uniform among all 
MTs. MTs are also maintained in their predominantly transverse orientation 
throughout disassembly. 

Figs. 2.5 to 2.9. Effect of Dimethyl Sulfoxide (DMSO) on Microtubule Stability. 
Fig. 2.5. Fluorescence micrograph of MT array after 2 min perfusion with 2% 
DMSO in ATP-free perfusion solution and standard 1 % glutaraldehyde 
fixation. DMSO has had very little effect on the preservation of the MT array 
which looks similar to standard perfusion (compare with Fig. 2.4c). 
Fig. 2.6. 2% DMSO included in perfusion and fixation solutions. The orientation 
of the MT array is distorted and MTs frequently appear to be bundled or 
broken. 
Fig. 2.7. 5% DMSO treatment during perfusion and fixation. a: No MTs are visible 
but there is high fluorescent labelling around the chloroplast files which have 
been massively distorted. b: Bright field photograph of same area as a 
confirms that chloroplast files are disrupted by the 5% DMSO treatment. 
Figs. 2.8 & 2.9. 10% DMSO treatment during perfusion and fixation. Chloroplasts 
and MTs are disrupted. 
Fig. 2.8. Some very short filamentous structures - possibly MTs - are seen around 
the chloroplast files and nuclei (N) are brightly fluorescent. 
Fig 2.9. Nuclei clearly visible because of the disruption of the chloroplast layer. 

Fig. 2.10. Ponceau-stained nitrocellulose replica of electrophoresed Nitella extract 
showing banding pattern of major proteins. The left hand lane indicates the 
positions of molecular weight standards. 
Fig. 2.11. Immunoblotting of Nitella protein extracts shown in Fig. 2.10 with 
various anti-tubulin antibodies after transfer to nitrocellulose. The antibodies 
that were positive for tubulin protein include: YLl/2 (lane I), a rat 
monoclonal anti-a.-tubulin of yeast; K2D7B8 (lane II), a mouse monoclonal 
raised against SOS-purified mung bean a.-tubulin; and Amersham anti-a (lane 
III) and anti-~ (lane IV) tubulins, mouse monoclonals raised against native 
chick brain MTs. 6-llB-1 (lane V), a monoclonal specific for acetylated a.-
tubulin and TU-1 (lane VI), a mouse monoclonal raised against pig brain 
tubulin were both non-reactive. Blots were treated with anti-mouse IgG-biotin 
(which also recognized the rat IgG in lane I) then with streptavidin-horseradish 
peroxidase complex and developed in 4-chloro-1-naphthol substrate solution. 
Lane VII is a secondary antibody-complex control showing staining of a non-
specific band at ca. 37000-~. 
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Figures 2.12 to 2.17. Screening of various anti-tubulin antibodies for indirect 
immunofluorescence microscopy. For accurate comparison only young, 
rapidly growing cells were used. 
Fig. 2.12. YLl/2, a rat monoclonal anti-tubulin of yeast specific for tyrosinated a-
tubulin. MTs are brightly-fluorescent and background is very low. MTs are 
predominantly transverse but some distinctly non-transverse MTs (arrow) are 
also seen. 
Fig. 2.13. K2D7B8, a mouse monoclonal raised against SDS-purified mung bean 
a-tubulin. A very small number of MTs are labelled relatively weakly. These 
are generally non-transverse and often arranged in forked clusters (arrows) 
similar in appearance to the non- transverse MTs in Fig. 2.12. 
Fig. 2.14. Amersham anti-a-tubulin, a mouse monoclonal raised against native 
chick brain MTs. Some brightly-stained vesicles are observed but no MTs 
were labelled with this antibody. 
Fig. 2.15. Amersham anti-~-tubulin, a mouse monoclonal raised against native 
chick brain MTs. MTs are weakly labelled with this antibody. Like YLl/2, 
predominantly transverse MTs are observed. 
Fig. 2.16. 6-llB-1, a monoclonal specific for acetylated a-tubulin. Vesicles are 
brightly-fluorescent but no MT structures are seen. 
Fig. 2.17. FITC-conjugated secondary antibody control. 

Figs. 2.18 and 2.19. Comparison of cortical MT and chloroplast patterns in young, 
rapidly elongating and old, non-growing internodal cells of Nitella. Anti-
tubulin immunofluorescence micrographs of MTs (a) and chloroplast files 
from the same field of view visualized by Nomarski differential interference 
contrast (b) are shown. 
Fig. 2.18. MTs in Fig. 2.18a are oriented mainly perpendicular to the cell's long 
axis (the vertical axis of the photograph) while chloroplast files in Fig. 2.18b 
are aligned in a gradual spiral. The edges of the photograph appear out of 
focus because of the curvature of the cell; this is more prominent in young 
cells because of their smaller circumference. 
Fig. 2.19. MTs show highly variable orientation in older cells that are no longer 
growing. The orientation of chloroplasts (b) remains essentially the same as in 
younger cells (Fig. 2.19b). 

Figs. 2.20 and 2.21. Electron micro graphs of Pt/C replicas of the inner cell wall 
comparing the orientation of mfs in a young, rapidly growing cell (Fig. 2.20) 
and an older, non-growing internode (Fig. 2.21). In Fig. 2.20 the mfs are 
aligned mostly parallel to one another and approximately perpendicular to the 
cell's long axis. In older cells (Fig. 2.21) mfs are oriented in many directions 
and the wall appears to be more coarsely textured. 

Figs. 2.22 to 2.26. The appearance of the cortical MT array outside the neutral line. 
Fig. 2.22a. The neutral line is identified by a rift between parallel files of 
chloroplasts and represents an endoplasm-free area separating opposite 
directions of flow. 
Fig. 2.22b. Anti-tubulin immunofluorescence micrograph of the same field of view 
shows MTs crossing the neutral line but oriented perpendicular to the cell's 
long axis. A few MTs that lie parallel to the neutral line (arrows) are 
occasionally observed. The different appearance of the neutral line is partly 
due to the lack of background fluorescence of the chloroplast files which is 
present on each side. 
Fig. 2.23. When pre-fixation perfusion is omitted, the cortical MT array displays 
little sign of MT reduction (*) at the neutral line. 
Fig. 2.24. When the standard two minute perfusion is carried out MTs are 
considerably fewer above the neutral line than in surrounding areas. 
Figs. 2.25 and 2.26. Incomplete permeabilization after omission of the standard 
two-minute perfusion step causes inconsistent labelling of MTs. In Fig. 2.25 
only the MTs at the neutral line are labelled while in Fig. 2.26 only the MTs to 
one side are visible. Since the cortex above the neutral line is more accessible 
to antibodies than adjacent regions it may also be more closely connected to 
the underlying endoplasm. 

Fig. 2.27. Electron micrograph of an inner cell wall replica showing altered texture 
at the striation line, the zone outside the neutral line. Microfibrils appear to be 
of different orientation than mfs of adjacent areas. The handedness of the 
striation line appears opposite to that of the neutral line seen in the light 
microscope (Figs. 2.22 to 2.26) because the replica presents a view from inside 
the cell. 

Figs. 2.28 and 2.29. Single layer preparation of an internodal cell, viewed from the 
cortical (Fig. 2.28) and endoplasmic (Fig. 2.29) side of the chloroplast layer. 
Fig. 2.28. (a) Cortical MTs visualized by immunofluorescence displaying 
predominantly transverse orientation. Endoplasmic MTs are not visible 
because they are at lower focal plane and because chloroplasts (b) absorb 
much of their fluorescence. 
Fig. 2.29. The same preparation turned over and viewed from the endoplasmic 
(inner) side of the chloroplast layer (note that the handedness of the 
chloroplast files (b) is opposite to that in Fig. 2.28b). Most of the subcortical 
MTs are parallel to the chloroplast files. Cortical MTs are not in focus but 
some fluorescence is detected through gaps in the chloroplast layer. 
Fig. 2.30. Endoplasmic view of a single layer preparation, double-labelled with 
anti-tubulin and anti-actin using phycoerythrin (PE) and FITC-conjugated 
secondary Abs respectively. Cortical MTs are visible where chloroplast layer 
is removed (c). The FITC labeling of the actin cables, parallel to the 
chloroplast files, is still visible when the PE filter combination is used (a) but 
the FITC filter combination (b) eliminates the PE signal. The actin cables are 
closely associated with chloroplasts; loss of chloroplasts removes actin cables 
(b) while cortical MTs remain intact (a). 
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Figs. 2.31a to 2.35a. Labelling of nuclei with the DNA-specific fluorescent dye 
Hoechst 33258. 
Figs. 2.31b to 2.33b. Anti-tubulin based perinuclear fluorescence. All 
micrographs result from a I Os manual exposure and identical print parameters 
(f5.6 for 8s). 
Fig. 2.31b. Diffuse peripheral fluorescence typical of labelling pattern with 
standard anti-tubulin immunofluorescence protocol using FITC-conjugated 
secondary antibody. 
Fig. 2.32b and 2.33b. FITC-conjugated secondary antibody control. Fluorescence 
associated with nuclei is very low or non-existent. 
Fig. 2.34. An S-shaped MT associated with the surface of a nucleus. 
Fig. 2.35. A large cluster of nuclei (a) and associated MTs in different focal planes 
(band c). In addition to MTs, the area surrounding the nuclei in this cluster is 
of high fluorescence suggesting that it contains material that differs from the 
adjacent cytoplasm. MTs are not organized in any obvious pattern. Diffuse 
perinuclear fluorescence is not apparent. 

Fig. 2.36. Through focus series of MTs and nuclei in a single layer preparation 
viewed from the endoplasmic side. Micrographs are presented so that the long 
axis of the cell lies horizontally. 
Figs. 2.36a to c. Anti-tubulin immunofluorescence. 
Fig. 2.36a. Outer cortex. Predominantly transverse MTs are partially visible below 
the chloroplast layer as are some subcortical MTs. 
Fig. 2.36b. Inner cortex/ endoplasm interface. Subcortical MTs are predominantly 
oriented parallel to the helically-aligned chloroplast files. The pair of nuclei 
on the right are surrounded by an intense, diffuse fluorescence. 
Fig. 2.36c. Endoplasm. MTs present around interphase nucleus include MTs in 
surrounding cytoplasm as well as a MT that appears to be appressed to the 
periphery (smaller arrow). The bright staining around what may be newly 
divided nuclei is diffuse but some filamentous structures can be resolved 
which may represent MTs (larger arrow). 
Fig. 2.36d. Four nuclei - identified by Hoechst 33258 staining - are seen in this 
area. These include a pair that appear to have just undergone division (upper 
right corner of the micrograph), an unusual (possibly edge on) elongated 
nucleus (lower right) and a typical, ovoid nucleus (center). 
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-Figs. 2.37 to 2.39. Anti-tubulin and anti-actin immunofluorescence of Nitella 
internodal cells. All micrographs include the neutral line region. 
Fig. 2.37. Anti-tubulin immunofluorescence of a single layer preparation viewed 
from endoplasmic side. MT array of outer cortex (a) and a subcortical MT 
(arrow) lying parallel and in the same plane as actin cables (b). 
Figs. 2.38 and 2.39. Anti-actin immunofluorescence seen in cortical views from 
intact intemodal cells. 
Fig. 2.38. Filaments associated with nuclei. The neutral line is devoid of 
chloroplasts ( d) so that nuclei located in this area ( c) are easily visualized 
when viewed from the outer side. Actin filaments are associated with each 
nucleus; by comparing different focal planes (a and b) it appears that they 
form peripheral loops. In addition to the abundant subcortical actin cables, 
faintly visible in the lower focal plane (b), a small number of actin filaments 
are also located on the upper side of the chloroplasts (a). 
Fig. 2.39. Through focus series (a to d) of an actin filament loop around a nucleus 
(e). Due to the curvature of the cell the actin cables on either side of the 
neutral line are in different focal planes. As in Fig. 2.38, actin filaments that 
are not organized in the usual parallel cables subjacent to the chloroplast files 
are visible. In this case, one such filament appears to be associated with the 
nucleus (a & b). 
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Figs. 2.40 to 2.43. Anti-actin immunofluorescence of Nitella internodal cells in 
regions containing nuclei; single layer preparations viewed from endoplasmic 
side. 
Fig. 2.40. Actin filaments associated with a small cluster of nuclei. Viewed from 
the endoplasmic side, the subcortical actin cables are clearly visible without 
interference from light absorbing chloroplasts. Endoplasmic nuclei are 
encircled by loops of actin filaments. Here, most of the nuclei are positioned 
with their long axes perpendicular to the plane of focus so that entire loops are 
visible. 
Figs. 2.41 and 2.42. Subcortical actin cables (a) and endoplasmic actin filament 
loops associated with nuclei (b). The actin loops do not appear to make direct 
contact with the actin cables. 
Fig. 2.43. Endoplasmic nuclei lying well above the subcortical actin cables (not in 
focus) showing loops of actin filaments as well as short filaments projecting 
from the nuclear surface (arrows). 

CHAPTER3 
MICROTUBULE ORIENTATION IN DEVELOPING INTERNODAL CELLS OF 
NITELLA: A QUANTITATIVE ANALYSIS 
Some of the work presented in this chapter has been published as: 
Wasteneys, G. 0 ., Williamson, R. E. (1987) Microtubule orientation in 
developing internodal cells of Nitella: a quantitative analysis. Eur. J. Cell Biol. 
43: 14-22. 
Williamson, R. E. and Wasteneys, G. 0. (1987) Growth and orientation of the 
cytoskeleton in internodal cells of the characean algae. Fortschritte der 
Zoologie, 34: 17-23. 
The results were also presented as a poster at the Eighth National Symposium 
of the Microscopical Society of Australia in Sydney, February 198 6 and in a 
paper given at the Australian Society of Plant Physiologists annual meeting in 
Melbourne, May 1986. 
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3.1 INTRODUCTION 
For the common situation of a plant cell uniformly expanding into an 
elongated cylinder, it is frequently (Green 1963, 1980; Simmonds et al. 1983) 
although not universally (Neville & Levy 1984; Roland et al. 1982) believed that 
the deposition of nearly transverse cellulose mfs favors the cell increasing in length 
rather than diameter. MTs underlying the plasma membrane are often parallel to 
the mfs being synthesized outside the membrane and disassembling MTs interferes 
with mf orientation and consequently, the directionality of expansion (for review 
see Robinson & Quader 1982). Studies of the giant internodal cells of characean 
algae have been influential in formulating some of these widely applicable ideas. 
The internodal cells of Nitella and Chara are elongated cylinders (ca. 0.5 mm 
diameter, up to 100 mm long) that grow from flattened cylinders (ca. 50 µm 
diameter, 20 µm long; (Green 1954; Probine & Preston 1961). Growth can be 
uniformly distributed over the cell (Green, 1954) or confined to bands of net proton 
extrusion (Metraux et al, 1980). Migration of these zones along the cell leads to 
uniformly distributed growth when averaged over a 24 hour period (Metraux et al. 
1980). Cell length, after a brief phase of exponential growth increases linearly so 
that relative growth rate (defined as ln Lrln L1/trt1; L=length, t=time) steadily 
declines towards zero (Green 1954). The cell twists as it grows and the major 
cytoplasmic features of the cell (the chloroplast files, actin cables and neutral line) 
describe a helix whose divergence from the long axis initially increases before 
gradually decreasing over the remainder of the growth period (Green 1954). 
Measurements of cells growing normally (Green, 1964) and under various 
perturbations (Green & Chen 1960; Green 1962) support Green's view that these 
cytoplasmic features follow the lines of maximum cumulative growth, i.e., they are 
strain-aligned. Furthermore, measurements of the mechanical properties of Nitella 
cell walls imply that the predominantly transverse alignment of the recently 
deposited cellulose favors the predominantly longitudinal growth (Metraux & Taiz 
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1978; Probine & Preston 1962; Richmond 1983; Richmond et al. 1980) that shapes 
the cell into an elongated cylinder and strain aligns its cytoplasmic features. MT 
disruption allows the apparent deposition of randomly oriented cellulose mfs that 
permit transverse expansion to match longitudinal (Green 1962; Richmond et al. 
1980) with far-reaching morphogenetic results. 
The mechanisms controlling MT alignment therefore underlie the 
morphogenesis of intemodal cells just as they underlie the morphogenesis of many 
other plant cells. In this chapter MT orientation is described quantitatively for 
Nitella cells fixed at known stages of growth. 
• 
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3.2 MATERIALS AND METHODS 
3.2.1 Plant Material 
Nit el/a tasmanica shoots were cultured in modified Forsberg ( 1965) medium, 
pH 7.0 at room temperature with window and room lighting. Rapidly growing tips 
including two or three internodal cells were anchored in a layer of agar in the 
bottom of a 30 litre aquarium. Vertical growth was maintained throughout the 
culturing period with new internodal cells appearing about every 8 days. When 
harvested, shoots contained up to 9 internodes. 
3.2.2 Growth Records 
The length and diameter of each internodal cell was measured at two day intervals 
using an ocular micrometer or ruler (for the length of larger cells). Absolute and 
relative rates of growth were calculated from length, diameter and time records. 
3.2.3 Immunofluorescence Technique 
Cells were prepared for immunofluorescence microscopy as described in chapter 2 
however some modifications of the standard procedure were used. To process 
successive internodes along a shoot, perspex wells with two diametrically opposed 
grooves on the bottom rim were used. These were positioned over each nodal 
region after removal of the branch cells so that the adjacent internodal cells 
emerged through the two grooves. To begin perfusion, a cut was made at either 
side of the node and levels of PS regulated carefully so that the contents of one cell 
did not flow into the adjacent one. The 10-7 M free Ca2+ PS was used throughout 
the procedure for perfusion, fixation, washing and antibody dilution. For indirect 
immunofluorescence labelling of the MTs, cells were incubated with a 1 in 10 
dilution of a supernatant solution of YLl/2 (Sera-Lab, MAS 077b), followed by a 1 
in 32 dilution of fluorescein-conjugated rabbit anti-rat IgG (Sigma). Cells were 
I 
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mounted in modified Mowiol (Wick & Duniec 1986) solution containing 2% n-
propyl gallate (Giloh & Sedat 1982) and examined as described in chapter 3. 
3.2.4 Image Analysis 
At least ten fluorescence micro graphs were taken of the cortical MTs of each 
cell along with corresponding bright field images of underlying chloroplasts and 
parallel views of the cell edge. Photographs were printed at 1900X magnification 
for ease in tracing of microtubules. An image analyser (Kontron, FRG) recorded 
the orientation and length of each fluorescent linear structure within a given area. 
At least 3 micrographs, each covering an area of 90 x 130 µm and selected from 
different regions of the internode were included in the analysis of each cell. The 
size of the sample areas was chosen so that both ends of a large number of the MTs 
in the area could be seen. MTs that lay partially outside the designated area were 
not measured. In addition to avoiding areas of localized damage or areas crossed 
by the neutral line, micrographs were selected with minimal area out of focus due 
to the curvature of the cell (see Figs. 2.2a and 2.17). MT orientation was measured 
relative to the long axis of the cell, the long axis being indicated by the cell edge in 
parallel bright-field photographs (Fig. 3.1). In this way, angular distribution 
histograms can be produced in which an orientation of 90° indicates an orientation , 
transverse to the cell's long axis whereas o0 and 180° denote MTs parallel to the 
long axis. The Oto 90° and 90 to 180° sectors were distinguishable because of the 
spiral features of the cell (Green 1954; Probine 1963) - the cell was always 
arranged so that the neutral lines and chloroplast files lay in the range of 160 to 
180°. The orientation of the chloroplast files and neutral line relative to the long 
axis of the cell was determined by measuring the distance between the apparent 
cross-over points of the neutral lines and applying Green's formula (1954): 
tan a= 2 "inter-X" distance/ 1t Diameter 
., 
I 
... 
75 
These values agreed well with direct measurements of the angle between the 
chloroplast files and the cell edge measured from photographs that included these 2 
features . 
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3.3 RESULTS 
3.3.1 Image Analysis 
In order to provide an accurate measurement of MT orientation, at least 3 
micrographs - each from a different region of the same cell - were selected for 
image analysis. Frequency distribution histograms for all samples were compared 
before they were combined into a single data file for each cell. Statistical analysis 
of angle data confirmed qualitative observations that the cortical MT array is 
organized uniformly throughout intemodal cells. 
3.3.2 Pattern of Cell Growth 
Relative growth rates for both longitudinal and circumferential expansion 
were recorded for several cells from the start of elongation (when length and 
diameter were approximately equal) until growth cessation. In Figure 3.2, relative 
growth rates, expressed as percentage increase per day are plotted against cell age. 
The relative elongation rate undergoes a rapid increase until about day 7, followed 
by a period of steady decline. After 20 days, the decrease in relative elongation is 
more gradual leading up to growth cessation at about 30 days. During the period 
of development that was followed, relative circumferential growth declined 
gradually and generally stopped a few days before longitudinal expansion. 
3.3.3 Changes in Microtubule Length with Development 
Microtubules were of non-uniform lengths within single cells. Of the cells 
included in this survey, considerable variation in mean length from 5.4 to 17.6 µm 
was recorded. Mean MT length was low in younger cells but increased with age 
until about the time of growth cessation after which time MTs became quite short 
(Fig. 3.3). When plotted against cell elongation rate (Fig. 3.4), the mean MT 
length is seen to be lower in cells that are undergoing rapid growth than in those 
., 
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undergoing slow growth. Cell circumference appears to have little influence on 
MT length (Fig. 3.5) but cells of lesser circumference tend to have shorter MTs. 
3.3.4 Microtubule Density 
There was considerable variation in the number of MTs per unit area at all 
stages of development but in general, MT frequency appeared to decline with cell 
age (Fig. 3.6). Expressed as total MT length per unit area, MT density is also 
highly variable at all stages of development (Fig. 3.7). There was no clear change 
during the growth period but there is a general decline in MT density after 
elongation stops. 
3.3.5 Microtubule Orientation and Helical Cell Structures 
Plotting median MT angle for growing cells as a function of the angle of the 
neutral line in the same cell (Fig. 3.8) rules out a direct association between cortical 
MT and chloroplast ( or neutral line or actin) orientation. The regression line shows 
that MT orientation does not follow a helical pattern but is centered about the cell's 
transverse axis. (The median MT angle was plotted in Fig. 3.8; using the mode or 
mean did not change the conclusion that there was no relation between MTs and 
the visible helical features of the cells.) Examples of cortical MTs running parallel 
to chloroplast files or the neutral line are observed but there is no consistent sign on 
the histograms for individual cells of even a minor peak of MTs at the neutral line 
angle or at 90° to it. Endoplasmic MTs which often are oriented in the same 
direction as the neutral line do not interfere with the image of cortical MTs because 
they are located in a lower plane of focus and because they are usually obscured by 
the light absorbing chloroplasts. 
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3.3.6 Microtubule Orientation and Cell Age 
Representative immunofluorescence micro graphs from cells of increasing age 
are presented in Fig. 3.9a'-e'. Also included are the histograms showing relative 
abundance of MTs of different angles (a"-e"). These selected figures show that the 
predominance of near transverse MTs declines as cells age until non-extending 
cells have a nearly random distribution pattern. The continuous nature of this 
change is apparent when the data for a larger sample of cells over a similar range of 
ages are presented in a 3-dimensional plot (Fig. 3.10) relating the abundance of 
MTs of different angles to cell age. These figures also show that longitudinal MTs 
appear before elongation ceases and become transiently predominant shortly 
thereafter. This is also apparent when the relative number of transverse, oblique 
and longitudinal MTs are compared throughout development (Fig. 3 .11 ). For the 
period of cell development covered in this study, relative elongation rate declines 
continuously with cell age (Fig. 3.2). The angular distribution of MTs in growing 
cells is therefore a complex function of relative growth rate (Fig. 3.12) with mainly 
transverse order giving way to mainly longitudinal before disorder prevails at the 
end of the growth period. 
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3.4 DISCUSSION 
This study provides a quantitative picture of MT orientation in Nitella cells fixed at 
known times covering much of their development. 
Printing of micrographs at high magnification made it possible to digitize the 
fluorescent images with a fair degree of accuracy. However, a small amount of 
error was undoubtedly introduced where fluorescent units merged or crossed at 
very slight angles. Because of this, length and number are less certain than angle 
measurements and may be reflected in a bigger scatter of points on graphs 
pertaining to MT length frequency and density. 
3.4.1 Microtubule Organization 
(i) Microtubule Length and Density Measurements 
The cortical MT array of Nitella seen by immunofluorescence microscopy 
comprises relatively short, linear elements. The lengths of the fluorescent units 
measured in the mternodal cells of Nitella are similar to the lengths of single MTs 
measured in other plant cells. Mean values ranging from 5.4 to 17.6 µm per cell 
have been recorded with an average length for all cells in this sample of 10.6 µm. 
By comparison, MTs ranging from 3.75 to 25 µm and on average 11 µmin length 
were recorded by immunofluorescence for carrot suspension cell disc preparations 
(Lloyd et al. 1980b) while protoplast ghosts of tobacco have yielded MTs up to 16 
µm long (Van der Valk et al. 1980). Similar but somewhat shorter MT lengths 
have been measured using the electron microscopical methods of serial sectioning 
(Hardham & Gunning 1978; Robinson & Quader 1980) and dry cleavage (Traas 
1984). Ultrastructural analysis of Nitella MTs must be applied to confirm whether 
the fluorescent structures in Nitella are, in fact, single MTs. Hotchkiss and 
Brown's (1987) freeze-fracture study of Nitella internodal cells indicated pairing of 
some MTs in expanding cells; however, their evidence does not suggest that all 
MTs are in fact paired. 
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Three interrelated parameters, mean MT length, MT frequency (number per 
area) and MT density (total MT length per area) are all generally greater in growing 
cells than in older cells that have finished expanding. This suggests that MT 
assembly may be depressed at growth cessation when strict regulation of mf 
deposition is perhaps no longer _necessary. 
MT length shows an obvious change during the growing phase with relatively 
short MTs measured in the youngest cells and very long MTs recorded in cells 
judged to be near completion of growth (neither frequency nor density shows any 
clear trend during the same period). The change in mean length is also related to 
the rate of elongation, with MTs much· shorter in rapidly expanding cells (see 
Fig. 3.5). Mean length can be considered to be the product of two variables, 
tubulin concentration and MT number. If the number of MTs is constant but 
tubulin concentration drops, then MTs will become shorter on average. Cell 
expansion may have a diluting effect on the tubulin pool that must be repleted with 
synthesis of new tubulin. In rapidly expanding cells, the rate of tubulin synthesis 
might not keep pace with the rate of expansion so that a relatively low 
concentration of tubulin is maintained. 
Alte~atively, the variation in mean length could be related to a difference in 
MT !ability between rapidly and slowly growing cells. MTs might be more 
dynamic in rapidly growing cells in order to retain their control over wall 
deposition in the presence of strong realigning forces imposed by extension. If 
MTs in young cells are more dynamic, artifactual shrinkage during pre-fixation 
perfusion (see Ch. 2, section 2.4.3) could account for the relatively short MTs that 
are observed. 
A third possibility is that MT length is somehow determined by the 
dimensions of the cell. Hardham & Gunning (1978) reported that the cortical MTs 
of Azolla root cells were, on average, about one eighth of a cell circumference in 
length. This ratio was thought to relate to the possible existence of MTOCs at each 
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of the cell's four edges (Gunning et al. 1978). A length of one eighth a 
circumference and therefore one half a cell face, would allow MTs nucleated at 
opposite edges to interact (Gunning et al. 1978). Nitella internodal cells do not 
have edges (except at either end) but could conceivably have a finite set of 
nucleating sites per circumference. The comparison of mean MT length and 
circumference suggests no such relationship. Although there is a tendency for 
smaller cells to have shorter MTs, this may relate more strongly to the fact that 
these cells are young or rapidly growing. In many cases, cells with approximately 
the same circumference had vastly different mean MT lengths. 
(ii) Microtubule Orientation 
The data on orientation show continuous MT changes during and immediately 
after the linear phase of growth (Green 1954) that can be examined by perfusion. 
The population of transverse MTs in young, rapidly expanding cells gradually 
declines along with relative growth rate. Longitudinal MTs supplant the transverse 
ones and are predominant soon after growth ceases. A slight predominance of 
longitudinal MTs persists in the near random MT arrangement of older, non-
growing cells. 
A number of qualitative studies of other cells show that MTs have an 
approximately transverse orientation in cells expected to be elongating. These 
studies cover a diversity of cell types including unicellular (Hogetsu & Oshima 
1985) and filamentous green algae (Galway & Hardham 1986), Azolla root tip cells 
(Hardham & Gunning 1978; Busby & Gunning 1983), higher plant suspension 
cultures (Lloyd et al. 1980a; Simmonds et al. 1983; Falconer & Seagull 1985a) and 
intact tissues (Traas 1984; Itoh & Shimaji 1976; Hardham et al. 1980; Roberts et 
al. 1985; Wick et al. 1981; Mita & Shibaoka 1983). 
Developmentally-dependent shifts in MT orientation patterns have also been 
documented in some plant cells. Mita and Shibaoka (1983) observed a change in 
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the orientation of MT arrays from transverse to random associated with swelling of 
onion leaf sheath cells, during bulb development. The MTs of mung bean 
hypocotyl (Roberts et al. 1985) cells are usually predominantly transverse yet 
oblique and longitudinal arrays have also been observed. It is suggested that this 
change in pattern - induced experimentally by ethylene treatment - may occur in 
response to environmental cues as part of normal development. Differentiation of 
Raphanus root tip cells involves a change from consistently transverse MTs in 
meristematic cells to highly variable orientations in elongated cortical cells (Traas 
1984). Takeda and Shibaoka (1981) observed a predominance of transverse wall 
mfs (presumably controlled by cortical MTs) in young Vigna epicotyl epidermal 
cells. At a later stage of development, transverse, longitudinal and oblique mfs 
were observed in similar frequencies, while older non-growing cells had 
predominantly longitudinal mfs. The establishment of an organized MT array 
appears to be necessary for directed cell expansion. Apparently, the ability of a 
cell to alter the orientation of such an array is also an important feature of 
differentiation. 
3.4.2 Microtubules and Cell Wall Organization 
Cortical MTs_ are now widely recognized as agents of morphogenesis in plant 
cells through their role in cell wall mf alignment. Support for this role has come 
from the observation that MTs frequently are positioned parallel to the innermost 
mfs of the cell wall and from the dramatic effect anti-MT drugs have on the shape 
of expanding cells (See Fig. 1.1). Because Nitella internodal cells have contributed 
heavily to the development of both the multinet growth hypothesis (Green 1960) 
and the self-assembly hypothesis (Neville et al. 1976; Neville & Levy 1984) of 
plant cell wall structure, they are ideal specimens for the study of mf alignment by 
MTs. Indeed, Green's proposal (1962) that "proteins of spindle fiber nature exist 
in the cortical cytoplasm and are active in the control of wall texture and cell form" 
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was based on experiments with Nitel/a internodal cells even before the 'discovery' 
of MTs in higher plant cells with the electron microscope (Ledbetter & Porter 
1963). Subsequent electron micrographs of Nagai & Rebhun (1966) confirmed the 
presence of MTs in the cortical cytoplasm of Nitella and Pickett-Heaps (1967a) 
described co-alignment of MTs and mfs in Chara but further ultrastructural 
evidence has been very limited. On the other hand, work with MT inhibitors in 
Nitella (Green 1962, 1963; Richmond 1977; Chapter 5) has demonstrated that mf 
alignment is dependent on MT organization. Visualization of MT-mf parallelism 
in Nitel/a has been achieved recently by freeze-fracture techniques for both 
elongating and mature internodal cells (Hotchkiss & Brown 1987). However, this 
evidence is only qualitative. To analyse MT organization in characean internodal 
cells quantitatively, so that MT orientation can be compared with the detailed 
description of cell wall patterns that is available, it has been necessary to apply 
imrnunofluorescence microscopy. 
If MT orientation controls wall mf alignment in Nitel/a as predicted by Green 
and King (1966), then the changing MT pattern reported here should be reflected in 
equivalent changes in mf patterns throughout development. Microfibrils should be 
deposited in a transverse orientation during elongation with increased deviation 
about the transverse axis as the relative growth rate declines. Longitudinal 
alignment should be detected about the time of growth cessation with a more 
random pattern of deposition in non-growing cells. The evidence from several 
detailed studies on Nitella internodal cell wall structure will be reviewed that 
strongly supports the view that MTs are responsible for the alignment of mfs in 
expanding cells. Whether this role persists in non-expanding cells is less certain. 
When an internodal cell is first formed from the division of a segment cell, it 
has the shape of a flattened cylinder and a wall that is isotropic in polarized light 
(Green 1958) containing randomly oriented mfs (Green 1958; Fig. 2 of Hotchkiss 
& Brown 1987). Coincident with the change to predominantly axial expansion is 
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the establishment of an optically birefringent wall (Green 1958; Probine & Preston 
1961; Richmond 1983) with mf s of the innermost wall in parallel arrays of 
transverse (see Fig. 4 of Green 1958; Fig. 3 of Hotchkiss & Brown 1987) or nearly 
transverse (Probine & Preston 1961) orientation. During expansion, rnfs continue 
to be deposited within the plane of the inner wall in a dispersed but mostly 
transverse orientation. This has been demonstrated by the relatively constant 
birefringence index 1 maintained throughout growth (Richmond 1983) and from 
electron micro graphs of inner wall replicas (Green 1958) and stripped wall 
lamellae (Probine & Preston 1961). 
Changes in cell wall mf deposition occur with the cessation of growth. 
Birefringence declines (Fig. 3 of Richmond 1983) and an isotropic wall pattern is 
detected (Green 1958; Probine & Preston 1961). During this shift. rnfs have been 
shown to be deposited in non-transverse orientations. Green (Fig. 6 of Green 
1958) observed "groups of near parallel fibrils running in directions quite removed 
from the transverse" and Probine & Preston (1961) concluded that in maturing cells 
mfs were deposited at all angles from the transverse with the second preferred 
orientation after transverse being longitudinal. The emergence in older cells of 
longitudinal MTs may thus be significant and it is conceivable that they are 
contributing to the formation of a crossed-fibrillar wall pattern. 
Based on evidence from X-ray diffraction studies (Probine & Barber 1966) 
and polarized light microscopy (Green 1958; Richmond 1983), the structure of 
1. Birefringence index (BRI) is a measurement of the degree of mf alignment from which the 
mean angular dispersion of mfs can be derived. It is determined by placing an intact 
intemodal cell between crossed polarizers and measuring the relative positions of the dark 
bands that result from the action of polarized light on cell wall texture. BRI is then 
calculated by dividing the distance of separation between the midpoints of the two lateral 
dark bands by the cell diameter. Thus, a BRI of 1.0 would indicate zero dispersal about the 
transverse axis whereas a BRI of O would correlate with maximal dispersal (a mean angular 
dispersion of 45o about the transverse axis). Because BRI measurements rely on the 
curvature of the intemodal cell, they can be utilized for documenting changes in the wall 
texture of living cells. For details, see Richmond 1983. 
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mature, non-expanding internodal cell walls has been described as "random" or 
"disorganized". Although such a pattern of deposition would be predicted from the 
results of the MT investigation presented in this chapter, examination of the walls 
of mature internodal cells using electron microscopy has revealed distinctly non-
random patterns. Inner wall replicas show that mfs in Nitella axillaris are arranged 
in small fields of parallel fibrils (Green 1958). Adjacent fields are oriented at 
distinct angles to one another such that the overall pattern perceived by polarized 
light microscopy is isotropic. From the MT pattern observed in mature internodal 
cells (Fig. 3.4e') it seems unlikely that MTs can influence the deposition of such a 
pattern. 
Oblique sectioning through an inner wall strip of Nitella opaca (Probine & 
Barber 1966) produced a "herring-bone" pattern suggestive of the arced patterns 
seen in oblique sections of helicoidal walls. By tilting a vertical section in opposite 
directions about an axis parallel to the plane of cell wall deposition (using a 
goniometric stage), Neville and Levy (1984) demonstrated a reversal in the 
direction of arcs showing that the pattern of wall deposition was helicoidal. That 
mfs are responsible for the arcing patterns has been more clearly demonstrated 
recently in oblique cell wall fractures (See Fig. 4 of Hotchkiss & Brown 1987) and 
after EDT A extraction, resin removal and Pt-shadowing of oblique sections (See 
Fig. 2 of Levy 1987). A helicoidal wall would be optically non-birefringent; 
interpretations from polarizing microscopy of "random" wall patterns could just as 
likely be helicoidal. 
It has been suggested that the helicoidal pattern might arise through self-
assembly of mfs (Neville et al. 1976) at a precise angle to previously deposited 
fibers. The description of inner wall replicas (Green 1958) showing locally ordered 
fields of mfs in non-growing cells is not inconsistent with the self-assembly 
concept. It is possible that each 'field' of mfs might be shifted through a given 
angle with respect to the previously deposited field. 
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The quantitative description of MT orientation provided by this study and the 
detailed descriptions of cell wall patterns are consistent with the idea that MTs play 
a role in cell wall deposition during expansion in internodal cells of Nitella. Early 
on in the development of the internodal cell there forms a parallel array of MTs 
which perhaps, through interactions with the plasma membrane or the cellulose 
synthesizing complexes located there (EF globules and PF rosettes; Hotchkiss & 
Brown 1987) resists what may be the natural tendency for a helicoidal wall to be 
assembled. Instead mfs are deposited transversely such that predominantly 
longitudinal expansion takes place and an elongated cylinder is formed. As 
relative growth rate declines, changes in MT and mf patterns are observed. The 
emergence of longitudinal MTs in cells at the end of the growth phase is reflected 
by similar changes observed in wall patterns; however, a one-to-one relationship 
between the randomly-arranged MTs and the helicoidally-arranged mfs of mature 
non-growing cells seems unnecessary. Furthermore, it has been demonstrated that 
cortical MTs are not involved in the deposition of helicoidal walls in other types of 
plant cells (Emons 1982) Thus, MTs may function in overriding the tendency for a 
helicoidal wall to be formed by self-assembly and the cue for such behaviour 
appears to be cell growth. Helicoidal walls that have been observed in other plants 
have only been found in non-growing cells (Roland 1981; Roland et al. 1982; 
Roland & Mosiniak 1983; Parameswaran & Liese 1981) or non-growing parts of 
tip-growing cells (Emons & Wolters-Arts 1983). The available evidence and the 
present understanding of directed cell expansion cannot substantiate Neville and 
Levy's claim (1984) that a helicoidal wall is produced at different stages of cell 
elongation. It seems more likely that as growth cessation approaches the MT array 
desists from regulating mf orientation and self-assembly begins. 
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3.4.3 Control of Microtubule Orientation 
A complete theory of the mechanisms by which Nitella MTs are aligned 
should take account of their strictly transverse (not helical) alignment (Figs. 3.1 
and 3.3), their progressive dispersion as relative growth rate declines (Figs. 3.4, 3.5 
and 3.7) and the slight predominance of longitudinal MTs particularly just after 
growth stops. 
The strain-aligned helical features of the cell ( chloroplast files, neutral line, 
actin bundles and streaming) have all been considered as structures by which MTs 
and/or mfs could be oriented (Gertel & Green 1977; Green 1963; Green & King 
1966; Probine 1963; Probine & Preston 1958). At no stage of development, 
however, were cortical MTs seen in a helical organization (cf. Lloyd & Seagull 
1985); the median MT angle in growing cells remains close to 90° irrespective of 
the orientation of the helical features (Fig. 3.3). The MTs in these cells therefore 
resemble the truly transverse template envisaged by Green and King (1966). 
The gradually increasing dispersion of MTs about the median transverse 
orientation implies that orientation is regulated by some continuous variable(s) 
rather than by a switch between one MT array in growing cells and a second in 
non-growing cells. One possible regulator is strain, which decreases in proportion 
to relative growth rate. 
Any relationship between strain and MT alignment could potentially operate 
in either direction; the rate of growth could affect MT organization or conversely, 
MTs, through alignment of wall mfs, might affect the rate of growth. Growth is 
subject to a variety of metabolic and physical controls (Green 1968; Green et al. 
1971; Metraux & Taiz 1978; Metraux 1982; Probine & Preston 1962; Richmond 
et al. 1980; reviewed by Taiz 1984). It seems unlikely that the decreasing degree 
of transverse MT alignment causes wall changes that reduce relative growth rate 
(and hence strain) since correlated decreases in relative growth rate and transverse 
order of MTs occur with little change in the ratio of transverse to longitudinal 
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growth (Green & King 1966; Probine & Barber 1966). Furthermore, the 
'randomization' of mfs following MT disassembly affects the directional aspects of 
growth but has little or no effect on the plasticity of the wall and consequently the 
overall growth rate (Richmond 1983). 
Strain is required for the deposition of transverse mfs; when growth is 
mechanically prevented in parts of expanding Nitella cells (Green & Chen 1960; 
Gertel & Green 1977), mfs are deposited "randomly" in the non-growing regions 
while remaining transverse elsewhere in the same cell. If these mf arrangements 
correlate with a change in MT orientations similar to that seen in mature intemodal 
cells, the idea that strain affects the degree to which MTs are transversely aligned 
would be supported. Strain could then be one factor in normal growth to which the 
MT array continuously adjusts to produce the gradual orientation changes 
observed. 
It is held that strain is required for deposition of transverse mfs but that the 
direction of strain does not determine their orientation (Gertel & Green 1977). The 
same could hold for MT alignment since, while the degree of transverse alignment 
correlates with the magnitude of the strain, the median MT orientation is 
unresponsive to the changing direction of strain recorded cumulatively in the 
varying helical arrangement of cytoplasmic features (Fig. 3.3). A possible 
alignment mechanism that is independent of the direction of strain is that 
microtubules maximise their overlap to form "self-cinching loops" (Green 1962, 
1963, 1980) whose stable position of minimum circumference is therefore 
transverse. The "loops" could take the form of an interconnected network of 
individual MTs. In dilute colchicine solutions mfs were aligned perpendicular to 
maximum strain, about 35 degrees off transverse, (Green 1963) suggesting that if 
MTs are partially disassembled and cannot therefore form connections with one 
another their transverse orientation is lost. It is noteworthy however that young 
Nitella cells have many transverse microtubular structures lacking the contact with 
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their neighbours that this hypothesis predicts (See Fig. 3.4a'). Thus, the source of 
the persistent transverse orientation remains unresolved. 
How strain might act on MTs is unclear. There could be some direct 
realignment involving a comparable mechanism to that realigning wall mfs. The 
effect would be small, however, if there are forces resisting realignment (e.g., self-
cinching loops) or if individual MTs have a short life span as suggested by the 
dynamic instability model (Kirschner & Mitchison 1986). 
MTs may be unstable when subjected to strain above a critical threshold level 
(B.C. Goodwin, personal communication). If so, MTs might depolymerize rapidly 
when aligned along the axis of maximum strain in a cell that is rapidly elongating 
but withstand the minor circumferential strain or the declining longitudinal strain at 
later stages of growth. This idea is supported by the fact that relatively few non-
transverse MTs are seen in rapidly elongating cells (see Fig. 3.7) but become more 
numerous as the elongation rate declines. Similarly, circumferential strain is 
greater than longitudinal in the early stages of internodal cell development when 
the cells are shaped like flattened cylinders. It is plausible that circumferentially-
aligned MTs would be unstable under these conditions and therefore be unable to 
regulate mf orientation which is apparently random at this stage (Green 1958; 
Hotchkiss & Brown 1987). 
To explore the possibility that strain is involved in MT orientation, it will be 
necessary to examine the process of MT assembly to determine if MTs in rapidly 
expanding cells (subject to maximum strain) are preferentially assembled in 
transverse directions, whether they are moved into these positions by other 
elements or forces after they have assembled or are assembled randomly and 
differentially stabilized according to orientation relative to strain or some other 
factor. 
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3.5 CONCLUSION 
At the start of the period of Nitella development studied, many MTs have a 
nearly transverse orientation. This is gradually lost in older cells as relative growth 
rate declines, but the median MT orientation remains transverse in growing cells as 
the helically arranged features in the cortical cytoplasm are reoriented by strain. 
The results are not wholly compatible with orientation mechanisms relating MT 
alignment to other cortical structures or with mechanisms depending on 
interactions between MTs. It seems possible however that MT alignment depends 
on differential MT stability in a changing physical environment. 
CHAPTER 3 - FIGURES 
r.· 
Fig. 3.1. Cortical cytoplasmic features of the Nitella internodal cell. All 
photographs are from the same glutaraldehyde-fixed cell; are arranged so that 
their relative orientation with respect to the cell axis and to each other is 
preserved; and are optically tangential to the cell wall. 
Fig. 3.la. Fluorescence micrograph of cortical microtubule array subjacent to the 
plasma membrane. The median MT orientation is along the transverse axis 
indicated in c. 
Fig. 3.lb to d. Nomarski micrographs. 
Fig. 3.lb. Same field as in a but in lower focal plane. 
Fig. 3.lc. Cell edge adjacent to field shown in a and b. Grid indicates the cell's 
longitudinal and transverse axes; arrow shows the orientation of the 
chloroplast files and other parallel spiral features. 
Fig. 3.ld. Neutral line in same focal plane as b but another region of the cell. The 
neutral line separates opposing flows of the streaming cytoplasm and is 
recognized by a rift between parallel chloroplast files and by a wall striation. 
The orientation of the helix formed by the neutral line, wall striations, 
chloroplast files, sub-cortical actin bundles and streaming cytoplasm changes 
gradually during expansion but is of a uniform angle throughout the cell at any 
given time. 
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Fig. 3.9. Quantitative MT orientation analysis at representative stages of cell 
expansion. 
a toe. Schematic representation of a Nitella shoot as grown under experimental 
conditions; approximately actual size. 
a' to e'. Fluorescence micro graphs of MT arrays for cells selected to 
approximately correspond with cells a toe. Photographs are positioned with 
vertical sides parallel to cells' long axes to compare orientation at different 
stages of development. - Bar 10 µm. 
a" toe". MT angle frequency distribution histograms for the cell's shown in a' to 
e'. 0 and 180° indicate long axis of cell; transverse orientation= 90°. In 
young, rapidly expanding cells (a), MTs are tightly transverse (a',a") but as 
relative growth rate decreases (b), MTs are increasingly dispersed (b',b"). 
During later stages of expansion (c), longitudinal orientation is more 
prominent (c') with MTs grouped about both the transverse and long axes 
(c"). When expansion ceases (d), the preferred MT orientation is parallel to 
the long axis (d') with a majority of MTs oriented close to 0 or 1808 (d"). In 
older, non-growing cells (e), a random MT orientation pattern is approached 
(e' ,e"). 
; 
~ 40 
!:, 
~ 30 
z 
UJ 
:::> 
0 20 
UJ 
a: 
u.. 
10 
_j 
UJ 
a: 
b 
0 
0 30 60 90 120 150 180 
a" ANGLE 
40 
* >- 30 () 
z 
UJ 
:::> 20 0 
UJ 
a: 
C u.. 10 
_j 
UJ 
a: 
0 
0 30 60 90 120 150 180 ti' ANGLE 
40 
* >- 30 () 
z 
UJ 
:::> 20 0 
UJ 
a: 
u.. 10 
_j 
d UJ a: 0 
,. 
C 
40 
~ 
>- 30 () 
z 
UJ 
:::> 20 0 
UJ 
a: 
u.. 
_j 10 
UJ 
a: 
30 60 90 120 150 180 
e d" ANGLE 
40 
* >- 30 () 
z 
UJ 5 20 
UJ 
a: 
u.. 10 
_j 
UJ 
a: 
30 60 90 120 150 180 
e" ANGLE 
Fig. 3.10. Three dimensional plot relating MT orientation pattern to cell age. 
Microtubule image analysis was carried out as described in Materials and 
Methods for 26 cells between 10 and 74 days of age. Angular distribution was 
plotted against age using a contour map drawing routine. Although the plot is 
drawn through all of the input data points, interpolated values are included to 
produce a regular grid. These values were obtained using a double linear, 
quadratic and weighted average interpolation routine. The plot illustrates the 
gradual progression from a predominantly transverse to a longitudinal pattern 
and eventually to a near random distribution in older non-expanding cells. 
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Fig. 3.11. The relationship of MT orientation to cell age. The proportion of transverse (•), 
longitudinal (•) and oblique (o) MTs in each cell are compared with the age of the cell at 
time of fixation. Transverse MTs (MTs between 60 and 120° to the long axis) are 
predominant in young cells whereas longitudinal MTs (MTs between 0 and 30°; 150 and 
180°) are very uncommon. This relationship gradually changes as cells become older until 
about 30 days of age (about the time of growth cessation) after which time longitudinal MTs 
predominate. The proportion of oblique MTs (30-60°; 120-150°) undergoes a gradual 
increase with time but is never predominant. 
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Fig. 3.12. The relationship of MT orientation to log relative elongation rate. The proportion 
of transverse(•), longitudinal(•) and oblique (o) MTs in each cell are compared with the 
relative elongation rate at time of fixation. The high percentage of transverse MTs (MTs 
between 60 and 120° to the long axis) in rapidly expanding cells declines as relative 
elongation rate decreases. A reciprocal relationship is evident for longitudinal orientation 
(MTs between 0 and 30°; 150 and 180°) while the proportion of oblique MTs (30-60°; 
120-150°) undergoes a somewhat smaller change. 
CHAPTER4 
THE CORTICAL MICROTUBULE ARRAY IN DEVELOPING INTERNODAL 
CELLS OF CHARA CORALLINA 
There is not so contemptible a plant or animal that does not confound the most 
enlarged understanding. 
John Locke ( From An Essay 
Concerning Human Understanding, 
1690) 
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4.1 INTRODUCTION 
The Characeae is divided taxonomically into two tribes on the basis of the 
number and arrangement of cells located in the coronula at the apex of the 
oogonium (Khan & Sarma 1984). In the tribe Nitelleae, which includes the genera 
Nitella and Tolypella, the coronula is two-tiered with each tier containing 5 cells 
while in the Chareae (Chara, Nitellopsis, Lychnothamnus) it has only one tier. The 
soundness of this separation is supported by karyotypic evidence; the basic 
chromosome number (polyploidy is very common) of the Nitelleae is 3 whereas in 
the Chareae it is 7 (Khan & Sarma 1984). Clearly this fundamental separation of 
the two tribes represents a very ancient evolutionary event. The Chareae and 
Nitelleae can in some cases be distinguished on the basis of cortication (i.e., the 
presence of cortical cells overlying the intemode); cortical cells are never found in 
the Nitelleae but are present in some members of the Chareae. The branchlets that 
emerge from the nodes may also be useful for the identification of characean algae; 
they are frequently divided in the Nitelleae but always simple in the Chareae. 
Giant internodal cells from a diverse selection of charophytes have been 
utilized in several areas of investigation (cytoplasmic streaming, ion transport, cell 
morphogenesis) with equal success. This is not surprising since the basic 
organization of cells is remarkably preserved throughout the group. The 
ecorticated charophytes are particularly attractive for morphogenesis, cytoskeletal 
and ion transport studies because the growth of single cells can be followed 
without consideration for the influence of adjoining cells. Ecorticate intemodal 
cells are also more suitable for immunofluorescence work because they can be 
examined without interference from overlying cortical cells. 
Nitella tasmanica and Chara corallina are charophytes from diverse tribes but 
both have intemodal cells that are devoid of cortical cells. A preliminary survey 
(Chapter 2) showed that the two cell types were equally amenable to the 
immunofluorescence technique and that MT distribution patterns were generally 
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very similar. Strikingly different patterns of MT organization were observed, 
however, in some older cells of Chara. In thi s chapter, the nature of such 
differences in MT organization is investigated. 
4.2 MATERIALS AND METHODS 
Cell culture, growth measurements, immunofluorescence and microscopy 
protocols are described in chapter 2, sections 2.2.1, 2.2.3 and 2.2.5. To compare 
growth patterns of Chara and Nitella, shoots of both species were cultured under 
standard conditions. Cells were measured from the time in early development 
when the cylindrical internodes were equal in length and diameter (day 1), through 
elongation phase until several days after growth had stopped. For assessment of 
MT organization, only cells of known size and growth rate were utilized. 
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4.3 RESULTS 
4.3.1 Growth Analysis 
When cultured under the standard growth conditions, shoots of Chara 
corallina and Nitella tasmanica have nearly identical appearance. In both species, 
the same sequence of cell divisions and differentiation results in the formation of 
ecorticate intemodal cells separated by multicellular nodes from which arise simple 
lateral cells and shoots (see Fig. 4.1). The giant intemodal cells show no obvious 
structural or behavioural differences apart from the greater size in Chara. Under 
the standard culturing conditions used for this study, the maximum intemodal cell 
length recorded was 36.33 mm for Nitella and 58.22 mm for Chara and the largest 
diameter recorded was 0.526 mm for Nitella compared with 0.798 mm for Chara. 
The pattern of intemodal cell growth in Chara and Nitella was compared by 
plotting relative longitudinal and circumferential growth rates for cells of both 
species cultured under the same conditions (Figs. 4.2 & 4.3). Both cells start out as 
flattened cylinders with diameter greater than length and circumferential growth 
greater than longitudinal but cells quickly assume the shape of elongated cylinders 
when the transition to predominantly longitudinal growth takes place. From the 
onset of elongation, relative longitudinal growth rate was always considerably 
greater (generally about 3 to 10 X) than relative circumferential growth rate but the 
two directions of expansion show parallel changes throughout the growth period. 
Elongation growth can be arbitrarily divided into three phases: an initial short 
period of rapidly increasing relative growth rate, a second period of steadily 
declining growth rate during which time most of the increase in size occurs and a 
final period of very slow and more gradually declining growth rate. In both cases, 
relative growth rates peaked at about 10 days followed by the phase of steady 
decline until 25 days after which the gradual drop off in growth rate occurred. 
Circumferential growth generally stopped a few days before longitudinal and was 
very slight towards the end of the growth period. 
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In Chara, growth cessation occurs several days later than in Nitella and may 
account, in part, for the larger size achieved by Chara cells. Comparing the 
dimensions of internodal cells of Chara corallina and Nitella tasmanica 
throughout their development (Fig. 4.4) suggests that the longer growing period for 
Chara contributes mainly to the difference in final length. In contrast, this 
extended growth has very little effect on the circumference of Chara cells; the 
major difference in final circumference of the two cell types arises because Chara 
internodal cells have a larger circumference at the start of elongation. Thus, the 
most significant difference in the growth pattern of these cell types occurs before 
the elongation phase begins. Since the pattern of circumferential growth is very 
similar in Chara and Nitella throughout the elongation phase (Fig. 4.4b), the 
disparity in size is maintained and only slightly increased by Chara's prolonged, 
slow growth phase. 
4.3.2 MT Orientation Patterns 
Internodal cells of known growth rates were selected for anti-tubulin 
immunofluorescence. Microtubule orientation patterns of Chara and Nitella 
internodal cells at similar stages of development are compared in Figs. 4.5 to 4.12. 
The two species show similar MT organization throughout the major growth phase 
when the array is predominantly transverse (Figs. 4.5 & 4.6) and in older, non-
expanding cells where MTs are of highly variable orientation (Figs. 4.11 & 4.12). 
However, during the final few days of elongation when growth rate is very slow 
and for several days after growth cessation, the MT orientation patterns of Chara 
and Nitella show considerable differences. In Nitella, the shift in orientation of the 
MT array from transverse to longitudinal involves what appears to be (see Chapter 
3) a reduction in the proportion of transverse MTs as longitudinally-oriented MTs 
become more prevalent (Fig. 4.7) until a predominantly longitudinal array is 
established (Fig. 4.9). This clearly does not occur in Chara. Instead, MTs remain 
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in parallel arrays that are aligned in oblique (Fig. 4.8) to longitudinal orientations 
(Fig. 4.10). Another difference at this stage of development is the organization of 
the MT array throughout the length of the cell; in Nitella it is uniform whereas in 
Chara it can be variable. It is of interest that the MTs of longitudinal arrays in 
both Nitella and Chara tend to have a wavy appearance (Figs. 4.9 & 4.10). 
The organization of the cortical MT array in Chara throughout development is 
followed in closer detail in Figures 4.13 to 4.33 and is summarized for a sample of 
cells in Table 4.1. 
The youngest internodal cells examined were rapidly growing cells between 
about 10 and 25 days of age with relative elongation rates greater than 0.07 (the 
phase of steadily declining relative growth rate shown in Figure 4.2). In these 
cells, the cortical MTs are tightly packed and oriented predominantly perpendicular 
to the cell's long axis (Figs. 4.13 & 4.14). As withNitella (Figs. 2.12, 2.13, 3.11 & 
4.5) such arrays are always interspersed with a small number of non-transverse 
MTs. 
Changes in the organization of the MT array were observed during the period 
of gradually declining growth rate ( cells over 25 days old and with relative 
elongation rates less than 0.07). Microtubules remain very numerous in such cells 
but the scatter of MTs about the transverse axis is often very large (Figs. 4.15 & 
4.16). Near the completion of elongation and frequently coincident with cessation 
of circumferential growth, the MTs begin to be less numerous but generally more 
uniformly parallel within the array (Fig. 4. 17). It is also about this time that 
obliquely-aligned arrays become apparent (Fig. 4.18). At first, the MTs remain 
predominantly transverse with localized shifts of the array in slightly oblique 
directions. When a relative growth rate indicates that growth will soon end and for 
several days thereafter, the MT arrays are of highly variable orientation so that the 
orientation gradually changes through transverse, oblique and longitudinal 
directions (Figs. 4.19 & 4.20; 4.21 to 4.23) within single cells. Sometimes abrupt 
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shifts in direction are observed. Such shifts generally occur at the neutral line 
(Fig. 4.26). 
In older non-growing cells, the MTs in a given area are often aligned in highly 
variable orientations. The establishment of such arrays seems to result from the 
gradual loss of parallel order as MTs tend to be increasingly dispersed (Fig. 4.28 to 
4.30). This loss of order does not appear to occur uniformly throughout the cell. 
In many cases, pockets of randomly oriented MTs were seen amidst predominantly 
oblique arrays (Fig. 4.30) while in other cells there are signs of 'residual' local 
order amidst a predominantly random array (Figs. 4.31 to 4.33 ). In the oldest cells, 
MTs were randomly oriented throughout. 
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TABLE 4.1 
Organization of Cortical MTs in Chara Internodal Cells and Cell Growth 
Cell No. !kl Rc2 MT Arrangement 
IX .215 .058 TI3 
IY .156 .044 TI 
IC3 .156 .046 TI 
IV2 .144 .026 TI 
IVI .132 .021 TI 
ID3 .ll0 .036 TI 
IQ .107 .012 TI 
IT .099 .015 TI 
IO .094 .005 TI 
IP .081 .013 TI 
IY2 .066 .038 s-r4 
IIEI .072 .004 TI 
IM2 .048 .008 ST 
IIAl .043 .013 ST 
IICI .036 .012 ST 
IIBI .041 .006 TS 
IMl .039 .004 ST 
102 .034 0 ST 
IL3 .022 .0ll ST 
IQ2 .026 .006 T 
IIC4 .032 0 T/O6 
IID3 .021 .003 T 
IIDl .024 0 ST 
IIE3 .021 .002 T 
IIA4 .018 0 ST 
IIA2 .015 .002 ST 
IM3 .011 0 0 
II.A .011 0 O/T 
IM4 .007 .004 T 
IID2 .009 0 T/0/I} 
ICl .010 0 T/O/L 
IDl .004 .002 0 
ILl .003 0 T/O/L 
IIE2 .002 0 O/T/L 
IIC2 0 0 T/O/R8 
IIC3 0 0 0 
IIC5 0 0 T/O/L 
IIE4 0 0 T/O/L 
IIAS 0 0 O/R 
IIG2 0 0 O/R 
IIFl 0 0 O/L/T 
IIF3 0 0 O/R 
1. relative elongation rate 
2. relative rate of circumferential growth 
3. tightly transverse, dense array 
4. predominantly transverse with considerable scatter; very dense 
5. uniformly transverse but with low density 
6. uniformly oblique; low density 
7. uniformly longitudinal; low density 
8. randomly distributed 
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4.4 DISCUSSION 
4.4.1 Comparison of Microtubule Orientation Patterns in Chara and Nitella 
The internodal cells of Chara and Nitella both develop as elongated cylinders 
so it is not surprising that they show equivalent MT organization throughout the 
major phase of cell growth. Remarkable differences in MT organization in Nitella 
and Chara, however, are observed from just before growth cessation until several 
days afterwards. That this difference might reflect dissimilar growth behaviour is 
disproven by comparing relative growth rates of the two cell types; parallel 
changes in relative growth rates occur in both cells throughout development. 
Furthermore, the larger size of Chara internodal cells is mainly due to greater 
original circumference rather than any difference in growth at later stages of 
development when differences in MT organization are detected. It is therefore 
doubtful that the disparate MT orientation patterns reflect different growth 
strategies for the two cells. 
There are many examples of elongated cells of higher plants where cortical 
MTs display shifts in orientation about the cell's axis of expansion, usually from 
transverse to oblique and axial directions. In some cases, such developmentally-
dependent changes in MT organization involve a uniform shift in direction of the 
MT array throughout the length of the cell as, for example, in cotton fiber 
development (Seagull 1986) where transverse MTs become obliquely oriented. 
More often, MTs are aligned in variable directions within single cells. Such 
arrays typically resemble those seen in mature Chara internodal cells with MTs 
locally parallel but with varied orientation throughout the length of the cell. Some 
examples include the outer cortical and epidermal cells of pea epicotyls and mung 
bean hypocotyls (Roberts et al. 1985), the outer tangential wall of epidermal cells 
of pea internodes (Akashi & Shibaoka 1987), cortical cells of Raphanus root tips 
(Traas et al. 1984) and epidermal cells from Zea mays mesocotyls (Mita & 
Katsumi 1986). 
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Clearly, the manner in which MT arrays shift to alternate orientations can 
vary. Nevertheless, the reason N. tasmanica and C. corallina internodal cells have 
adopted such diverse strategies is a mystery. Although the two species are very 
much alike, they are from distinct tribes and thus are evolutionarily divergent. 
C. corallina and N. tasmanica are both ecorticate species yet there are many 
examples of cortication in the Chareae and none in the Nitelleae. The different 
patterns of MT organization could therefore represent the trend toward a corticated 
condition in the Chareae. A tendency buried within multicellular tissues for cells 
to have shifting MT patterns that more closely resemble those in Chara than 
Nitella would support this idea but for the cells that have been examined, this does 
not appear to hold true. Scattered MT arrays like those in N. tasmanica are seen in 
outer epidermal cells from Zea mays coleoptiles (Bergfeld et al. 1987) and onion 
leaf sheath cells (Mita & Shibaoka 1983). Furthermore, single-walled cylindrical 
cells including cotton fibers (Seagull 1986) and the non-growing region of onion 
root hairs (Lloyd et al. 1985) often show MT patterns akin to C. corallina. 
The different patterns of MT organization in C. corallina and N. tasmanica 
may be due to other factors. The presence in Chara of a different tubulin isoform 
that is present only at certain stages of development could, for example, give rise to 
MTs of different behaviour from those in Nitella. Alternatively, diverse 
microtubule-associated proteins or differences in the properties of the plasma 
membrane of the two species might explain their dissimilar MT patterns. Whether 
the different MT patterns have any taxonomic basis cannot be established unless 
screening of many more species from both the Nitelleae and the Chareae is carried 
out. 
4.4.2. Cel! Growth and Microtubule Orientation 
Changing MT orientation in elongating higher plant cells from transverse to 
longitudinal is sometimes associated with a shift in the direction of cell expansion 
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from axial to circumferential. This is particularly evident in the case of ethylene-
mediated lateral expansion (Mita & Shibaoka 1983; Roberts et al. 1985). From the 
growth data, it is clear that the realignment of MTs from transverse to oblique and 
longitudinal in Chara does not promote circumferential growth. 
Alternatively, such shifts in MT orientation could coincide with growth 
cessation. This possibility more closely describes the pattern in Chara where the 
shift in MT orientation from transverse to longitudinal is first detected shortly 
before the cell stops elongating. It is interesting in this light that the MTs of many 
cylindrical plant cells are oriented longitudinally or obliquely where elongation is 
not occurring (Emons & Wolters-Arts 1983; Derksen et al. 1985; Seagull 1986; 
Lloyd & Wells 1985; Lancelle et al. 1987; Murata et al. 1987; Lin & Jernstedt 
1987). If MTs maintain their control over mf deposition during the transition 
period, it is conceivable that the change occurs in order to alter the direction of mf 
deposition and subsequently bring about the cessation of longitudinal growth. 
4.4.3 Microtubule Orientation and Cell Wall Deposition 
Intemodal cells of Chara corallina have been shown to have helicoidal walls 
(Neville & Levy 1984) so the shift in orientation of MTs before growth cessation 
could signal the change from transverse mf alignment to the deposition of a 
helicoidal wall in the mature internode. Whether MTs continue to control the 
alignment of mfs after growth cessation, as appears to be the case in cotton fibers 
(Seagull 1986), seems unlikely. It has been demonstrated that helicoidal wall 
deposition in Equisetum, for example, is not controlled by MTs (Emons & 
Wolters-Arts 1983) so it is just as likely that the described changes in MT 
organization in Chara at the time of growth cessation have no influence on mf 
alignment. Helicoidal walls are a common feature in the intemodal cells of Nitella 
opaca (Neville & Levy 1984). If helicoidal walls also are found in Nitella 
tasmanica, it is difficult to imagine how such diverse MT patterns as are seen in 
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N. tasmanica and C. corallina could both be responsible for helicoidal wall 
formation. Thus, the argument against MTs playing a role in helicoidal wall 
deposition is strengthened. 
If MTs are not involved in helicoidal wall deposition in C. corallina, the 
change in MT organization at the time of growth cessation might merely represent 
an uncoupling of MTs from their role in aligning transverse mfs. A trend towards 
longitudinal MT orientation in non-growing cells might represent a change to MT 
alignment based on the least energy equilibrium (Green 1984 ). Why cortical MTs 
should persist in non-expanding cells if they are not involved in wall deposition is 
uncertain. There are, however, many plant cells with axially or obliquely oriented 
cortical MTs that are not involved in mf alignment. These include the coenocytic 
green algae Boergesenia and Ernodesmis (La Claire 1987) and numerous tip 
growing cells (Emons & Wolters-Arts 1983; Derksen et al. 1985; Lloyd & Wells 
1985; Lancelle et al. 1987; Murata et al. 1987; Raudakoski et al. 1987). The 
recent survey of cortical MTs in tip-growing fern protenema is especially 
interesting (Murata et al. 1987). Cortical MTs are arranged circumferentially in the 
elongating subapical zone but are parallel to the cell's long axis in the non-growing 
region. Evidently, cortical MTs are required for functions other than transverse 
wall deposition. 
4.4.4. The control of Microtubule Orientation 
In proposing a model to account for changing MT orientation it is important to 
consider how quickly the changes in orientation occur, how stable the MTs are, 
how the MTs are spatially organized within the array and finally, what function 
they have. Two fundamental uncertainties as to how the mechanism that aligns 
MTs operates include whether connections between nearby MTs exist and whether 
individual MTs undergo realignment or else depolymerize and reassemble in a new 
direction. The change in MT orientation that is observed in both Chara and Nitella 
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internodal cells around the time of growth cessation could occur either by direct 
realignment of stable MTs or by disassembly/reassembly. The available evidence 
does not favor one mechanism over the other. 
It has been proposed that helical arrays of connected MTs can alter their pitch 
and thereby rapidly change orientation (Lloyd & Seagull 1985). This "dynamic 
spring" model relies on the existence of relatively long, overlapping MTs to form 
continuous helical arrays. In contrast, the MTs of C. corallina are clearly not 
bundled nor arranged in continuous helical arrays yet they can display dramatically 
different orientations from one region to another, frequently involving whole fields 
of parallel MTs. Contrary to the dynamic spring model, abrupt alterations in MT 
orientation occur within what might be considered one turn of the dynamic helix. 
This demonstrates that the dynamic spring model can not apply to MTs in 
C. corallina. 
A second possibility is that transverse MT orientation is maintained 
throughout growth by the cross-linking of MTs and that loss of these cross-links at 
the time of growth cessation could cause MTs to no longer be constrained in the 
transverse direction. Transverse networks could be based on intertubule linkages 
as predicted by the self-cinching loop mechanism (Green 1962, 1963, 1980). The 
fact that MTs become less numerous in cells of Chara corallina when oblique and 
longitudinal arrays are first noticed supports this idea since a decrease in MT 
number should also minimize cross-linking. 
Alternatively, MTs could be attached to some plasma membrane-borne 
template that somehow controls orientation. It seems unlikely, however, that even 
if MTs were released from bonds that previously held them in a tightly transverse 
direction, that they would display the uniform shifts in orientation that are 
observed. Instead, a scattered arrangement of MTs would be expected. If, for 
example, transverse MTs were to be realigned by the small amount of strain that is 
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still present at growth cessation, they would be just as likely to swing to the 
longitudinal in either direction. 
One observation that favors the idea that MT connections are broken is that 
longitudinal MTs seen at the time of growth cessation in both Chara and Nitella 
(Figs. 4.9 & 4.10) have a wavy appearance. Such undulations could be artifacts of 
fixation but the fact that they are restricted to longitudinal MTs suggests in any 
case that these MTs have different properties from their transverse counterparts. 
The absence of connections that otherwise keep the MTs taut could account for the 
different appearance. It is perhaps of interest that post-translationally modified, 
stable MTs in cultured mammalian cells are curved whilst their dynamic 
counterparts are relatively straight (Pipemo et al. 1987). 
Since MTs are maintained in parallel arrays during the changes in MT 
organization, it seems probable that they are still being constrained by orienting 
mechanisms but that the orienting mechanisms no longer operate solely in the 
transverse direction. Thus, MTs may continue to be aligned in the same manner 
but in variable directions. The increasing randomness of MTs seen after 
expansion is complete could represent a decline in the influence of the orienting 
mechanism over MTs. 
The disconnected network model is dependent on the existence of relatively 
stable MTs. While recent studies generally favor the view that MTs can be 
dynamically unstable (Sammak & Borisy 1988), there are many examples where 
relatively persistent MTs seem to exist. A particularly interesting system is 
described by Akashi and Shibaoka ( 1987) where the longitudinal MTs of 
gibberellin-sensitive cells have been demonstrated to be far more stable than their 
transverse counterparts. Perhaps in Chara and Nitella, the transverse arrays 
comprise relatively dynamic MTs while the longitudinal MTs are stable ones that 
have lasted long enough to become realigned. 
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4.5 CONCLUSION 
The organization of MT arrays in the internodal cells of two charophytes, 
Chara corallina and Nitella tasmanica has been compared through much of their 
development by means of immunofluorescence microscopy. MT patterns appear to 
be virtually identical except around the time of growth cessation. In Nitella, the 
predominantly transverse array gradually incorporates more and more 
longitudinally-oriented MTs until the array becomes predominantly longitudinal. 
In contrast, the MTs of Chara remain locally organized in parallel arrays but show 
considerable variation throughout the length of the cell including oblique and 
longitudinally aligned arrays. The elongation phase of growth in both species 
follows an identical pattern so cannot account for the different arrangement of MTs 
observed. It seems more likely that the two patterns of MT behaviour make no 
difference to morphogenesis. The changing MT pattern in Chara corallina has 
been discussed in terms of mechanisms that might be responsible for controlling 
and altering MT orientation. 
CHAPTER 4 - FIGURES 
All micro graphs are fluorescent images from cells processed with the same tubulin-
specific monoclonal antibody. All are arranged so that their long axis or the long 
axis of the page corresponds to the long axis of the cell. 
Fig. 4.1. Chara corallina (two shoots on left) and Nitella tasmanica (three shoots 
on right) growing under standard culture conditions. The two species are very 
similar in appearance except that the cells of C. corallina are larger in size to 
those of N. tasmanica. 
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Fig. 4.2. Growth patterns of Chara corallina internodal cells from the onset of elongation 
growth. Relative longitudinal (o) and circumferential(•) growth rates recorded at various 
times during elongation for 6 cells are pooled and plotted along with fourth order regression 
lines. 
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Fig. 4.3. Growth patterns of Nitella tasmanica internodal cells from the onset of elongation 
growth. Relative longitudinal (o) and circumferential(•) growth rates recorded at various 
times during elongation for 6 cells are pooled and plotted along with fourth order regression 
lines. 
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Fig. 4.4a. Elongation growth patterns in Chara corallina (•) and Nitella tasmanica (o). 
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Fig. 4.4b. Circumferential growth patterns in Chara corallina (•) and Nitella tasmanica (o). 
Figs. 4.5 to 4.12. Comparison of MT orientation patterns in Nitella tasmanica 
(Figs. 4.5, 4.7, 4.9 & 4.11) and Chara corallina (Figs. 4.6, 4.8, 4.10 & 4.12) at 
various stages of development. 
Figs. 4.5 & 4.6. Young, rapidly elongating cells. In both cases MTs are 
predominantly transverse. 
Figs. 4.7 & 4.8. Cells approaching the end of their growth period. In Nitella 
(Fig. 4.7) MTs are oriented both transversely and longitudinally whereas in 
Chara (Fig. 4.8) MT arrays are obliquely aligned. 
Figs. 4.9 & 4.10. Cells just after growth cessation. In both cases MTs are oriented 
predominantly in a longitudinal direction and are of wavy appearance. 
Figs. 4.11 & 4.12. Short, randomly oriented MTs of non-expanding internodal 
cells. 

Figs. 4.13 to 4.18. Microtubule orientation patterns in Chara corallina internodal 
cells during elongation growth 
Fig. 4.13. A rapidly elongating cell with relative longitudinal (rL) and 
circumferential (re) growth rates of 0.132 and 0.021 respectively. MTs are 
predominantly transverse with a small number of MTs running at other angles. 
Fig. 4.14. A rapidly elongating cell (rL = 0.107 and re= 0.012) with predominantly 
transverse MTs. 
Fig. 4.15. An internodal cell in the period of gradually-declining growth (rL = 
0.015, re= 0.002) showing predominantly transverse orientation of MTs with 
considerable numbers of non-transverse MTs. 
Fig. 4.16. Slowly elongating cell in which circumferential growth has just stopped 
(rL = 0.018, re= 0). MTs are still predominantly transverse but the total 
number of MTs appears to be declining. 
Figs. 4.17 & 4.18. Slowly elongating cell in which circumferential growth is not 
occurring (rL = 0.011, re= 0). MTs are predominantly transverse (Fig. 4.17) 
but in some regions of the cell (Fig. 4.18) the array is oriented at a slightly 
oblique angle. 

Figs. 4.19 to 4.33. Microtubule orientation patterns in non-expanding internodal 
cells of Chara corallina 
Figs. 4.19 & 4.20. MTs in adjacent regions of the same cell showing oblique 
(Fig. 4.19) and near-longitudinal (Fig. 4.20) orientation. In this case the cell 
had finished growing three days prior to fixation. 
Figs. 4.21 to 4.23. Near-transverse (Fig. 4.21), oblique (Fig. 4.22) and near-
longitudinal (Fig. 4.23) MT arrays in different regions of the same cell. 

Figs. 4.24 to 4.26. MT orientation patterns in a cell that had finished growing two 
days prior to fixation. In Figure 4.24, the MT array is only slightly oblique 
whereas in Figure 4.25 the 'pitch' is much greater. Figure 26a and b is a 
through focus series showing a dramatic shift in MT orientation that is 
occurring above the neutral line. 

Figs. 4.27 to 4.30. Various MT orientation patterns in a cell 8 days after growth 
has ended. In Figs. 4.27 to 4.29 the array still maintains a generally oblique 
orientation but there is a great deal of scatter. In Fig. 4.29 a gradual shift in 
MT orientation from near transverse (left side of photograph) to near 
longitudinal (right side) is observed. In Fig. 4.30, MTs appear to be randomly 
oriented. 

Figs. 4.31 to 4.33. MT orientation patterns in a cell that had finished growing 6 
days prior to fixation. Fig. 31 is a through focus series of one area of the 
curving cell showing predominantly longitudinal MTs in one region ( 4.31 a) 
and oblique-transverse MTs in another (4.31b). In Figs. 4.32 and 4.33, (which 
are typical of the majority of the cell) the MTs are randomly distributed. 

CHAPTER 5 
MICROTUBULE ASSEMBLY AND ORIENTATION 
IN NITELLA INTERNODAL CELLS FOLLOWING DEPOLYMERIZATION 
BY THE DINITROANILINE HERBICIDE ORYZALIN 
Some of the results described in this chapter have been previously presented in 
a paper given at the joint meeting of the Australian and New Zealand Cell 
Biological Societies in Auckland, N.Z., in May 1987 and also in a poster at the 
4th International Congress of Cell Biology in Montreal, in August 1988. 
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5.1 INTRODUCTION 
The orientation of cortical MTs underlying expanding wall surfaces of plant 
cells is usually perpendicular to the direction in which that particular wall will 
expand. Cellulose microfibrils (mfs) deposited outside the plasma membrane of 
growing cells determine the yield properties of the wall (see Ch. 3) and have been 
observed to have the same orientation as subplasmalemmal MTs (Ledbetter & 
Porter 1963; Hepler & Newcomb 1964; Pickett-Heaps 1967a & b; Newcomb 1969; 
Palevitz & Hepler 1976; Seagull & Heath 1980; Mueller & Brown 1982; Seagull 
1983; Falconer & Seagull 1985a; Galway & Hardham 1986; Seagull 1986). That 
MTs are responsible for the alignment of these mfs has been supported by 
disrupting MTs with tubulin-specific drugs (Grimm et al. 1976; Mita & Shibaoka 
1983; reviewed by Gunning & Hardham 1982; Lloyd 1984) and following the 
effect on both mf orientation and cell shape. Knowing how MTs are aligned into 
these cortical arrays is therefore of great interest, not only for the implications on 
cell morphogenesis but in a broader sense, the understanding of the mechanisms 
that organize MTs in plant cells. 
Organization of MTs into their functional arrays involves two aspects: 
assembly of MTs through polymerization of free tubulin and alignment of MTs in 
specific orientations and locations within an array. Assembly of subplasmalemmal 
MTs has been suggested to occur at various sites in plant cells including cell edges 
(Gunning et al. 1978), the nuclear envelope (De Mey et al. 1982, Clayton et al. 
1985, Wick 1985a) and foci distributed in the cortical cytoplasm (Gunning 1980; 
Galatis et al. 1983; Falconer & Seagull 1986, 1987; Falconer et al. 1988; 
Hoffmann 1986; Hogetsu 1986; Cleary & Hardham 1988). MTs could either be 
assembled in their "appropriate" orientations at these sites or assembled but not 
oriented. In the latter case, MTs could either be moved into the "appropriate" 
orientation or be selectively depolymerized if they are in "inappropriate" positions. 
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Compounds that specifically inhibit one component of a biochemical pathway 
or molecular structure can be useful for determining functional relationships. In 
the case of MTs, the alkaloid colchicine has been especially useful not only for 
determining the role MTs play in mitosis, motility and morphogenesis but also for 
characterizing MT assembly sites and patterns of organization after MTs have been 
disassembled (see Dustin 1984). Colchicine's anti-MT effect results from its 
affinity for tubulin; in binding to tubulin dimers, it prevents further assembly, 
effectively lowering the free-tubulin concentration and leading to net disassembly 
of existing labile MTs through a shift in the equilibrium of free to polymerized 
tubulin. Whilst colchicine has anti-MT effects in most eukaryotic cells, its affinity 
for different tubulins is variable. Colchicine has a relatively low affinity for plant 
tubulin (Morejohn & Fosket 1984; Morejohn et al. 1987a) so that concentrations of 
up to lOOOX those needed with mammalian cells are necessary. The increased 
chance of side effects such as wall loosening (Okuda & Mizuta 1987), abnormal 
wall thickening (Pickett-Heaps 1967b; Roberts & Baba 1968; Itoh 1976) and 
changes to the plasmalemma (Srivastava et al. 1977) make colchicine less suitable 
for specifically inhibiting MT function in plant cells than some other compounds. 
The dinitroaniline herbicide oryzalin (3 ,5-dinitro-N4 ,N4-dipropylsulf anilamide ), 
for example, has a high affinity for plant tubulin (Strachan & Hess 1983) and 
inhibits its polymerization in vitro (Morejohn et al. 1983) in what appears to be a 
similar fashion to colchicine. Oryzalin can therefore be used at very low 
concentrations in plant cells (Upadhyaya & Nooden 1977; Bajer & Mole-Bajer 
1986a; Morejohn et al. 1987b; Cleary & Hardham 1988) to inhibit MT assembly 
with fewer risks of non-specific effects. 
The giant internodal cells of the green alga Nitella tasmanica have extensive 
arrays of cortical MTs that lie just inside the plasma membrane. In a previous 
study (Chapter 3; Wasteneys & Williamson 1987), orientation patterns of cortical 
MTs were described quantitatively throughout most of their development. The 
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change from transverse MTs in rapidly elongating cells to a nearly random 
distribution in non-expanding cells suggests that the mechanisms responsible for 
transverse orientation of MTs are active only in growing cells. A similar 
conclusion was reached for alignment of cellulose mfs in Nitella internodal cells 
(Gertel & Green 1977). In order to describe the pattern of MT assembly and 
alignment, MTs were depolymerized with oryzalin and events leading to recovery 
of the cortical array were followed. MT assembly sites and alignment patterns for 
growing and non-growing cells were compared. 
Young internodal cells have, in addition to subplasmalemmal MTs, a small 
number of subcortical and endoplasmic MTs (Chapter 2). Subcortical MTs are 
aligned parallel to the subcortical actin cables and endoplasmic MTs are located 
close to nuclei in the streaming endoplasm. These MTs could either represent a 
separate MT array that is organized independently from the cortical array or be part 
of an interconnected MT network. Nucleating sites could exist in both the cortex 
and the endoplasm, for example, at discrete sites near the plasma membrane and at 
the nuclear surface; alternatively, MT nucleation might only occur in one region. 
To explore this question, cortical and endoplasmic MT assembly patterns were 
compared during the re-establishment of a transverse cortical MT array. 
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5.2 MATERIALS AND METHODS 
5.2.1 Plant Material and Growth Analysis 
Shoots of Nitella tasmanica were cultured under controlled conditions as 
described (Chapter 2). For all experiments, only cells of known size and growth 
rate were used. 
5.2.2 Oryzalin Treatments 
All treatments were carried out under standard growth conditions at constant 
temperature. Intact shoots containing a cell whose growth had previously been 
determined were removed from the aquarium in which they had been growing and 
placed in a glass petri dish along with oryzalin-containing culture medium. For the 
standard treatment, cells were incubated for 20 min in 10 µM oryzalin (Lilly 
Research Laboratories, Greenfield, Indiana) prepared by diluting a 1 mM stock 
solution in acetone into the standard culture solution (Chapter 2). For experiments 
requiring higher or lower oryzalin concentrations and for oryzalin-free controls, the 
final solution was always adjusted to contain 1 % acetone in order to match the 
standard protocol. After treatment, shoots were removed from the petri dish and 
passed through three washes of medium then anchored in a second aquarium (also 
containing fresh culture medium) for the duration of recovery. 
5.2.3 Immunofluorescence Microscopy 
After the specified recovery time, shoots were removed from the recovery 
aquarium and the selected internodal cell isolated from the rest of the shoot. Cells 
were processed for anti-tubulin immunofluorescence as described in Chapter 2. At 
least three cells were processed for each recovery time. 
5.2.4 Image Analysis 
Three sample areas were selected from different regions of each cell and 
photographed. For image analysis, micrographs were printed at 2000X 
magnification. MT angle and length measurements were recorded using a Kontron 
Image Analyser as described in Chapter 3 while area was measured using the area 
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measurement package on SigmaScan Image Analysis Software (Jandel Scientific) 
and a Numonics Corporation Graphic Digitizer (Model# 2210-0.30C). MT 
sample sizes, which varied according to MT density, were between 223 (for the 
earliest recovery time) and 3514 counts. Angle and length frequency distribution 
histograms were produced by combining all samples for each cell. Mean lengths 
for each sample were computed from their logarithms (since the length 
distributions were not normal) and a weighted average from all samples then 
calculated. 
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5.3 RESULTS 
5.3.1 Oryzalin Treatments with Young, Rapidly Elongating Internodal Cells 
(i) Microtubule Disassembly 
Young, rapidly elongating intemodal cells with predominantly transverse MTs 
(Fig. 5.1) were treated with oryzalin at various concentrations ranging from 2.5 to 
40 µMand fixed after 5, 10, 15 and 20 minutes. The results (summarized in 
Table 5.1) show that complete disassembly is extremely rapid. In all treatments, 
MT shortening had occurred after 5 minutes (Figs. 5.2 & 5.3) and in oryzalin 
concentrations of 5 µMand greater no MTs were detected after 10 minutes 
(Fig. 5.4 ). The standard dose of 10 µM ensured complete and rapid MT 
depolymerization but after removal it had no detectable effects on subsequent cell 
viability or growth. 
TABLES.I 
Oryzalin Treatment Responses 
Concentration 
Oryzalin (µM) 
2.5 
2.5 
2.5 
2.5 
5 
5 
10 
10 
20 
20 
40 
Treatment 
Time (min) 
5 
10 
15 
20 
5 
10 
5 
10 
5 
10 
5 
Description 
ofMTs 
Short 
Short 
Very Short 
Short 
Very Short 
Very Short 
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The pattern of MT disassembly was impossible to assess quantitatively due to 
its rapidity (preparing a cell for perfusion took almost as long as disassembly). It 
was therefore difficult to determine if there was any selective depolymerization 
based on MT orientation but the few remaining MTs in partially disassembled 
arrays (Fig. 5.3) were almost exclusively transverse. In some cases, brightly-
fluorescent vesicles are seen (Fig. 5.3) but there is no sign of these in cells whose 
MT array is completely disassembled (Fig. 5.4). 
(ii) Microtubule Recovery Under Standard Growth Conditions 
When young, rapidly elongating internodal cells were incubated in oryzalin 
and then returned to standard growth conditions, complete recovery (shown in 
Figures 5.5 to 5.16) of the predominantly transverse array took less than 140 
minutes. MTs were first detected 20 minutes after removal of cells from the 
oryzalin solution at discrete sites in the cortex (Fig. 5.5). These assembly sites 
appeared to be fairly evenly dispersed throughout the cortical cytoplasm. MTs 
were frequently organized in V- and Y-shaped pairs (Figs. 5.5 & 5.6) or in groups 
of several MTs that formed branched assemblies (Figs. 5.7 to 5.9). Almost 
invariably, short MTs appeared to emerge from longer MTs, suggesting that newly 
formed MTs were assembled along existing MTs. As recovery progressed, MTs in 
the branching assemblies became both longer and more numerous (Figs. 5.7 to 
5.10) and since MTs abutted one another at acute angles, fan-shaped patterns 
resulted. After about 70 minutes recovery (Fig. 5.10), branching assemblies of 
MTs began to overlap, filling in the areas that had previously been devoid of MTs. 
At about the same time, isolated MTs were apparent. From this time MT 
alignment became progressively more transverse until an array that was 
indistinguishable from an untreated cell was achieved. A small number of 
branching assemblies were seen amidst the fully recovered array (Fig. 5.16) just as 
they normally are found in untreated cells. 
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(iii) Interpretation of Microtubule Recovery Based on Quantitative Data 
MT lengths and angles of orientation were recorded using an image analysis 
computer in order to compare MT organization at different recovery times . 
Frequency distribution histograms of MT angle (Fig. 5.17) show that the first MTs 
assembled were mostly transversely oriented. As branching assemblies became 
more extensive, MT orientation became increasingly variable until a nearly random 
distribution was observed at 60 minutes (Fig. 5.17; cf. Fig. 5.9). When branching 
assemblies had grown sufficiently to cause extensive overlap and MTs became 
evenly dispersed (60 min., Fig. 5.17; cf. Fig. 5.9), the proportion of transverse MTs 
began to increase (70 to 140 min. of Fig. 5.17; cf. Figs. 5.10 to 5.16). Eventually 
the angular distribution resembled that of untreated cells with only a small number 
of MTs oriented in oblique and longitudinal directions (compare control and 140 
min. of Fig. 5.17). 
Plotting mean MT length against recovery time (Fig. 5.18) shows that much of 
the original MT length is regained long before the array is fully reorganized in 
terms of orientation (70 min. vs. 140 min.). There was a steady increase in mean 
MT length until about 70 min; after this time it increases only slightly. Like MT 
length, the MT frequency (number of MTs per unit area; Fig. 5.18) and density 
(total MT length per area) (Fig. 5.19) increased very rapidly during early recovery 
and subsequently underwent very little change. In both cases, maximum values 
were achieved long before complete reorganization of the array (80 min. vs. 150 
min.). 
(iv) Microtubule Recovery After Prolonged Disassembly 
Extending the period in which cells were incubated in oryzalin to 24 hours did 
not prevent the recovery of a transverse array. After oryzalin was removed, the 
first MTs assembled appeared randomly oriented, but the recovery pattern was 
otherwise normal; MTs reappeared shortly after removal of oryzalin and a 
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transverse MT array was reformed within a few hours. Increasing the 
concentration of oryzalin caused a delayed recovery (Figs. 5.21 to 5.24) and the 
earliest MTs detected were less precisely transverse as those in cells treated with 10 
µM oryzalin. For example, the first MTs to assemble after a 30 minute treatment 
with 20 µM oryzalin were not observed until after 60 minutes (not shown) yet the 
recovery that followed (Figs. 5 .23 & 5 .24) was not unlike that induced by an 
inhibitor treatment of shorter duration and lower concentration. 
(v) Microtubule Recovery at Incr~ased Temperature 
Allowing rapidly growing cells to recover at a higher temperature than used in 
the standard culturing conditions resulted in an accelerated recovery. When the 
temperature of recovery was raised from 18 to 25° C, MTs were detected as early 
as 13 minutes after removal of the cells from oryzalin (Fig. 5.25) and reformed a 
full complement of predominantly transverse MTs within 70 minutes (Fig. 5.33). 
Some V- and Y-shaped clusters were present in early stages of recovery (Figs. 5.26 
to 5.30) but at no stage were extensive branching assemblies like those seen during 
recovery at t 7°C observed. Instead, MTs increased in length and number while 
maintaining predominantly transverse orientation (Figs. 5.25 to 5.33). 
5.3.2 Oryzalin Treatments with Mature Internodal Cells 
(i) Microtubule Disassembly 
Microtubule depolymerization/recovery was followed in older cells that were 
either approaching completion of elongation or no longer growing. When treated 
with oryzalin, the rate of MT disassembly was slower than in rapidly expanding 
cells. Even after 20 minutes in 10 µM oryzalin, some traces of MTs were still 
present (Fig. 5.38). The pattern of MT disassembly (Figs. 5.35 to 5.39) shows a 
progressive reduction in both length and number. The residual MTs seen in later 
stages of disassembly did not show any preferred orientation but lay in a variety of 
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angles similar to the MTs of the untreated array. For MT disassembly/recovery 
,experiments on older cells, 10 µM oryzalin treatments of 30 minute duration were 
necessary to ensure complete removal of all MTs. 
(ii) Microtubule Recovery in Mature Cells in the Final Stage of Elongation 
The recovery pattern after MT depolymerization in older internodal cells 
approaching growth cessation is shown in Figures 5.40 to 5.48 . MTs were first 
observed 60 minutes after removal of the cells from oryzalin (Fig. 5.40) and 
although they were less numerous and clearly not transversely oriented, they were 
arranged in branching assemblies similar to those seen in younger cells during 
early stages of recovery with short MTs projecting from longer MTs. At 80 
minutes, MTs were arranged in less extensive but more abundant branching 
assemblies that formed circular fringes around areas that were now mostly devoid 
of MTs (Figs. 5.41 & 5.42). These patterns gave the impression that MTs were no 
longer present in what had previously been a site or sites of nucleation - as if 
depolymerization of the earlier formed trunks left only the branches intact. The 
existence of MT-free areas, fringed with branching clusters of MTs was still 
detectable after 120 minutes (Fig. 5.43) but by this time the number of MTs had 
greatly increased. In areas between the radiating clusters, MTs were frequently 
seen to be oriented in distinct and often parallel directions (Fig. 5.42). Eventually, 
MTs became very numerous and evenly dispersed throughout the cortex 
(Fig. 5.44). Subsequently, the proportion of transverse MTs increased until an 
array similar in appearance to that of much younger cells was observed after 180 
minutes (Fig. 5.46). This highly organized, transverse array appears to be only 
temporary since cells sampled at slightly longer recovery times (Figs. 5.47 & 5.48) 
showed both a decrease in the number of MTs and an increasing variability in 
orientation. Thus, a transient period of relative organization precedes the gradual 
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return to the highly variable MT orientation typical of cells at this stage of 
development. 
(iii) Microtubule Recovery in Older, Non-Growing Cells 
In older, non-growing internodal cells, MT recovery was relatively slow and 
appeared to involve reassembly of the MT array without any detectable 
realignment. The rate of recovery also varied considerably between different cells 
and in some cases, was not uniform along the length of individual cells (see 
Figs. 5.69 & 5.70) The recovery pattern is represented in Figures 5.49 to 5.77. 
The first MTs - observed after 90 minutes recovery (Figs. 5.49 to 5.51) - were very 
short and arranged in clusters in which the component MTs radiated from a 
common focal point. These assemblies were similar to the V-shaped MT clusters 
seen in younger cells during recovery except that they generally contained several 
MTs. These putative nucleating sites were also relatively sparse, unevenly 
distributed and lacked a preferred orientation. 
After the initiation of MT assembly at these discrete sites in the cortex, 
continued MT assembly occurred along the existing MTs, resulting in spectacular 
herringbone- (Figs. 5.55 & 5.56) and star burst-shaped (Figs. 5.57 to 5.63) 
assemblies. At first, MT nucleation appeared to prevail over MT elongation, 
resulting in the formation fairly dense assemblies of many very short MTs 
(Figs. 5.57 to 5.62). Most commonly, MTs of single assemblies were oriented 
through no more than 180° but occasionally, double clusters were observed 
(Figs. 5.56, 5.58 & 5.59) with MTs spreading out in opposite directions from a 
single focus. Adjacent MT assemblies frequently branched in quite different 
directions (Figs. 5.52, 5.57 & 5.60) suggesting that there were no overriding forces 
of alignment. In later stages of recovery (Figs. 5.64 to 5.68), assemblies appeared 
to break up into progressively smaller groups of longer MTs (again as if 
depolymerization of the earlier formed trunks left only the branches intact). MTs 
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became increasingly dispersed but showed no sign of being oriented in any 
preferred direction (Figs. 5.70 to 5.76) so that eventually, a randomly organized 
array (Fig. 5.77) was established. 
5.3.3 Microtubule Assembly Patterns in the Endoplasm During Recovery of 
Elongating Cells from Oryzalin Treatment 
In an attempt to compare the organization of endoplasmic MTs with those in 
the cortex, MT patterns in both regions of the cell were followed throughout 
recovery after oryzalin-induced MT depolymerization. The results of this 
investigation are summarized in Figures 5.78 to 5.92. Endoplasmic MTs were 
rapidly depolymerized in the presence of oryzalin and were not observed during 
the early phase of cortical MT recovery (Fig. 5.78). Brightly fluorescing spots, 
however, were observed on the surface of nuclei after about 50 minutes (Fig. 5.79). 
Shortly after this time - at the stage when the recovering cortical MTs had reached 
maximum density (see Figs. 5.19 & 5.20) - endoplasmic MTs were very abundant 
(Figs. 5.80 to 5.85). MTs were arranged in extensive networks around nuclei as 
well as being aligned in the same direction as the actin cables. In many cases, the 
MT assemblies seen in the endoplasmic regions of recovering cells were more 
extensive than those of untreated cells. Bright spots on the surface of nuclei were 
no longer detected and generally, nuclei displayed very little or no fluorescence, 
especially when surrounded by a network of MTs (See Fig. 5.85). 
As cortical MTs became increasingly oriented in a transverse direction, the 
number of MTs in the endoplasm appeared to decline (Figs. 5.86 to 5.89). Those 
aligned with actin cables appeared shorter (Fig. 5.88) and MT assemblies around 
nuclei (Fig. 5.89) became far less extensive. In some cells whose cortical MT 
reorganization was almost complete, no endoplasmic MTs were seen (Figs. 5.90 to 
5.92). In these cases, bright spots on the surface of nuclei were generally observed. 
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Beyond this stage of recovery, endoplasmic MTs appeared to be organized as they 
had been prior to oryzalin treatment. 
- - - - -Young Cells - - - - -
11 ·c 2s·c 
Diagram 5 .1. 
Comparison of MT assembly patterns during 
oryzalin-induced disassembly in young, rapidly 
elongating Nitella intemodal cells [at normal 
(17°C) and elevated (25°C) temperatures], 
mature cells that have almost completed growth 
and older, non-expanding cells. The MTs in 
this diagram are not necessarily drawn to scale. 
Mature Cells Old Cells 
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5.4 DISCUSSION 
5.4.1 Advantages and Limitations of a Depolymerization/Recovery Strategy 
This study is based on the premise that by following MT recovery after 
complete depolymerization, some important features of MT organization can be 
identified. It must, however, be noted that for this study, dynamic processes have 
not been followed in single cells but rather inferred by fixing different cells at 
various recovery times. Some ambiguities are therefore unavoidable. In addition, 
whilst drug-induced depolymerization/recovery is advantageous because it causes 
the MT assembly/alignment process to be greatly exaggerated, interpretation of the 
recovery must take into account the limitations of such a strategy. 
To simulate MT recovery that resembles as closely as possible the patterns of 
MT assembly and alignment that occur in untreated cells, it is desirable to induce 
MT disassembly with minimal perturbation to other processes. In expanding 
internodal cells of Nitella, extended periods of drug-induced MT disassembly 
cause changes in cellulose mf orientation which consequently alters the direction of 
cell growth (Green 1962; Richmond 1983). While neither cellulose mf orientation 
nor the direction of cell growth can directly control MT orientation (Gertel & 
Green 1977), it is conceivable that changes in these factors could influence the rate 
and pattern of MT recovery. MT depolymerization raises the concentration of free 
tubulin to unusually high levels which could result in abnormal behaviour in 
reassembling MTs. For example, the branching assemblies of MTs observed 
during recovery are far more extensive than those seen in untreated cells. Elevated 
levels of unassembled tubulin for prolonged periods of time might also affect 
tubulin synthesis, whose rate in mammalian cells is modulated by the amount of 
unassembled tubulin that is available (Ben-Ze'ev et al. 1979; Cleveland et al. 
1981; Cleveland et al. 1983; Caron et al. 1985). 
Whilst it is desirable for MT disassembly to occur as rapidly as possible, at the 
same time it is necessary to avoid non-specific effects of inhibitors used at very 
I 
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high concentrations. Dinitroaniline herbicides have, for example, been implicated 
in the inhibition of photosynthesis and respiration (Moreland et al. 1972), the 
inhibition of Ca2+ uptake by mitochondria (Hertel & Marme 1983) and other 
metabolic processes (Ashton et al. 1977). Moreover, inhibitor treatments must be 
fully reversible. It is therefore desirable to use a protocol that involves a minimal 
concentration of inhibitor as well as minimal exposure time. 
The protocol for MT disassembly/recovery in Nitella internodal cells was 
designed with consideration for the aforementioned limitations. Oryzalin was 
chosen as an agent of MT disassembly because of its high affinity for plant tubulin 
(Strachan & Hess 1983). To avoid non-specific effects, a mild treatment of short 
duration was used. This induced rapid and complete disassembly which was 
followed by full recovery of the MT array. The effect of oryzalin on the MTs of 
Nitella internodal cells are therefore fully reversible at the concentrations used in 
this study. As a result, some clear pointers to various facets of MT behaviour can 
be inferred from the observed patterns of recovery. 
5.4.2 Sensitivity of Nitella Microtubules to Oryzalin 
Using a 10 µM solution of oryzalin, disassembly of all MTs in Nitella 
internodal cells occurred in less than 10 minutes in younger, rapidly elongating 
cells and in about 20 minutes in older, slowly- and non-growing cells. Compared 
with MTs of other plant cells that have been treated with oryzalin (Bajer and 
Mole-Bajer 1986b; Morejohn et al. 1987b; Cleary & Hardham 1988; Wacker et al. 
1988), the MTs of Nitella internodal cells have an intermediate sensitivity to 
oryzalin. In multicellular root tips of Zinnia, Cleary and Hardham (1988) found 
that a 40 hour treatment with 10 µM oryzalin was required to remove all detectable 
MTs from 98% of the cells. In contrast, Morejohn et al. (1987b) reported the loss 
of virtually all MTs from single, wall-less Haemanthus endosperm cells, treated 
with 0.1 µM oryzalin, in less than two minutes. Such variations in sensitivity may 
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reflect different affinities of oryzalin for different plant tubulins or the relative 
!ability of MTs. More likely, they reflect the facil ity of uptake of oryzalin into 
different cells. Since uptake appears to occur by diffusion (Upadhyaya and 
Nooden 1980), it is logical that single cells should be more accessible to oryzalin 
than cells of multicellular tissues. Moreover, since adsorption of dinitroaniline 
herbicides to cell walls can occur (Bayer et al. 1967), wall-less cells should be the 
most sensitive. 
5.4.3 Microtubule Nucleating Sites in the Cortex 
MTs first reappear at discrete, randomly distributed sites in the cortex, a 
phenomenon that has been observed in several other studies on MT recovery in 
plant cells (Gunning 1980; Galatis 1983; Hogetsu 1986; Falconer et al. 1988; 
Cleary & Hardham 1988). Peripheral nucleating sites have been described in other 
cell types, for example, the plasma membrane associated plaques in Drosophila 
wing epidermal cells lacking centrosomal MTOCs (Mogensen & Tucker 1987). It 
is conceivable then that the sites of MT assembly in the cortex of plant cells also 
represent structurally specialized nucleating centers. The sites of MT assembly in 
Nitella, however, do not have any obvious association with features that are visible 
with light microscopy. Electron microscopy could be used to explore the 
possibility that structurally specialized MT nucleating centers exist, and to identify 
the structures that may be involved in recovering cells. 
Subsequent MT initiation appears to occur in close association with existing 
MTs throughout most of recovery, an event which results in the formation of 
branching assemblies of MTs. Although extensive, fan-shaped configurations like 
those seen during intermediate recovery (see Fig. 5.8) are not found in the cortical 
arrays of untreated cells, some less extensive branching arrangements of MTs are 
always present (see, for example, Figs. 2.12 & 2.13). One possible explanation for 
preferential MT assembly at sites along existing MTs is that the binding of one or 
more MAPs to the perimeter of existing MTs provides an initiation site from which 
I 
I 
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new MTs can assemble. Such sites would provide a cap for the slow growing end 
of MTs as occurs in other situations (Soltys & Borisy 1985; Mitchison et al. 1986) 
thus permitting assembly in conditions that would not normally favor MT growth. 
That "branching assemblies" of cortical MTs have not been previously 
documented in plant cells is not surprising. If they represent a very minor part of 
the total array, they could miss detection with the electron microscope and the 
resolution of immunofluorescently labelled MTs in formaldehyde-fixed cells (the 
most common method of fixation of plant cells for anti-tubulin 
immunofluorescence) would be insufficient to discern such an arrangement. Thus, 
MT "branching" may not be unique to Nitella internodal cells. The "fir-tree" 
patterns of kinetochore fibres observed in Haemanthus endosperm (Inoue et al. 
1985; Bajer & Mole-Bajer 1986b), and onion root cells (Palevitz 1988) and in the 
alga Oedogonium (Schibler & Pickett-Heaps 1987) may be arranged in a similar 
manner. The polarity of MTs could be the same in both types of arrays, that is, 
with the plus ends distal to the initiating site. Polarity of MTs is probably an 
important factor in the assembly and distribution of MTs in the cortex of plant cells 
just as it is in mitotic spindles (McIntosh 1981 ). In order to determine the polarity 
of cortical MTs of Nitella·, the tubulin decoration technique of Euteneuer and 
McIntosh ( 1980) will be applied in future work. 
The fact that MTs branch at what appear to be very consistent angles to the 
existing MTs suggests that if specialized assembly sites do exist, they also impart 
orientation to the MTs they nucleate. How this would operate is uncertain but in 
the case of isolated centrosomes from the rootlets of Polytomella, for example, 
MTOCs have been demonstrated to have prepatterned initiation sites which not 
only initiate MT assembly but also specify MT orientation (Stearns & Brown 
1981). 
Finally, MTOCs have the ability to control the lattice structure of MTs they 
nucleate whereas MTs that assemble spontaneously are less likely to have a strictly 
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controlled protofilament number (Evans et al. 1985). It seems logical then that 
structurally specialized sites for MT assembly - be they discrete plasma membrane 
associated sites or sites along existing MTs - should exist in the cortical cytoplasm 
of plant cells where MT assembly evidently takes place. 
5.4.4 Microtubule Nucleating Sites in the Endoplasm 
Recovery of endoplasmic MTs is also observed following oryzalin treatments 
of elongating internodal cells. During early reassembly of MTs in the cortex, there 
was no sign of MTs in the endoplasm. However, patches of intense fluorescence 
on the surface of nuclei became increasingly apparent and later, endoplasmic MTs 
were observed. These MTs - like those seen in the endoplasm of untreated cells 
though more abundant - were located around nuclei and along chloroplast files. 
Some researchers have suggested that MTs in plant cells are nucleated at the 
surface of the nuclear envelope (Lambert 1980; Schmit et al. 1983; Sheldon & 
Dickinson 1986; Hogan 1987) and may extend into the cortical regions (De Mey et 
al. 1982; Wick & Duniec 1983; Dickinson & Sheldon 1984; Bakhuizen et al. 
1985; Clayton et al. 1985; Wick 1985). The patches of intense fluorescence 
observed on the surface of nuclei in Nitella could represent MT organizing sites 
such as those described for the nuclear surfaces of higher plant cells, thought to 
represent expanded centrosomes that permit MT organization at several sites on the 
nucleus (Mazia 1984) and MTs assembled at these sites could be involved in some 
endoplasmic process such as nuclear division, motility or nuclear positioning (Van 
Lammeren et al. 1985; Hogan 1987). Alternatively, these MTs might be 
synthesized in the endoplasm to be transported (possibly along branches of the 
actin cables which lead into the cortex- Williamson et al. 1985) to the cortical 
cytoplasm. Even if the nuclear surface is a site for MT assembly, however, it 
seems unlikely that it could be a major source of cortical MTs since considerable 
MT assembly had already taken place in the cortex before endoplasmic MTs were 
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detected. From this evidence, it is, if anything, more likely that the cortex is the 
source of endoplasmic MTs. 
5.4.5 Microtubule Nucleation Patterns in Non-Growing Cells 
The basic pattern of MT nucleation and assembly is perhaps most easily 
interpreted in mature, non-growing cells where the pattern does not appear to be 
complicated by MT alignment mechanisms. Re-establishment of an essentially 
randomly organized MT array appears to result from continued assembly of MTs, 
initially from discrete assembly sites in the cortex and later along existing MTs. 
The geometry of MT nucleation is very consistent; MTs are never dispersed 
symmetrically about early assembly sites and generally radiate through less than 
90°. They are also arranged at acute angles to each other in the subsequent 
formation of branching assemblies. Even when more than one MT cluster emerges 
from a single location in the cortex, the asymmetric form of the individual MT 
branching assemblies is maintained. Continued MT assembly from sites along 
existing MTs allows the extension of the fan-shaped clusters into heavily 
subdivided branching assemblies. 
The breakdown of MT networks into smaller and smaller clusters and the 
apparent movement of MTs away from the original nucleation sites appears to 
result from the disassembly of the earliest formed MTs. This selective disassembly 
could occur because of the localized depletion of unpolymerized tubulin. If the 
MT assemblies are considered to be organized like a tree, it is as if the removal of 
the trunk and major limbs has occurred, leaving the outer branches intact from 
which new branches can be added. Continued MT assembly causes spreading MT 
"branches" of adjacent assemblies to encroach upon each other until MTs are 
evenly dispersed. Attainment of the original total MT length and concentration of 
unpolymerized tubulin should result in a much lower incidence of new MT 
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assembly which would account for th~ limited branching of MTs seen in fully 
recovered cells. 
5.4.6 Microtubule Nucleation Patterns in Elongating Cells 
When MT alignment is not considered, the pattern of MT nucleation and 
assembly in elongating internodal cells resembles the pattern observed in mature, 
non-growing cells; assembly initially occurs at discrete sites in the cortex and later 
along existing MTs. The branching assemblies in growing cells, however, do not 
become as extensive (in terms of MT number) as those in non-growing cells. This 
difference in assembly behaviour could be due to the transverse orienting 
mechanism that is active in growing cells which might "pull apart" the branching 
assemblies before they become too large. 
Alternatively, the drop in concentration of free tubulin caused by MT 
polymerization could result in the disassembly of "trunk" MTs before the MT 
branching assemblies become too large. The observation that the 'break up' of MT 
assemblies in growing cells coincides with the attainment of maximum total MT 
length per area supports this idea. Branching assemblies in growing cells might 
not become as extensive because the growth of MTs may be more rapid, resulting 
in longer MTs with relatively few branches. Conversely, the MTs of older cells 
might grow more slowly so that more branches ( of shorter lengths) form before the 
concentration of unpolymerized tubulin declines. 
When the temperature of recovery was raised from 17°C to 25°C, both the 
reassembly of MTs and the recovery of transverse orientation occurred more 
rapidly. MT orientation remained relatively transverse throughout recovery in 
contrast to recovery at 17°C where considerable randomization occurs. In 
addition, branching assemblies were never very extensive. The manner in which 
the recovery pattern is altered suggests how temperature might affect specific 
aspects of MT assembly and alignment. Perhaps the simplest explanation is that 
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since increasing temperature should increase most metabolic processes, the 
orienting mechanism itself might be more efficient at 2s0 c than at the lower 
temperature and therefore can more readily 'pull' assembled MTs into transverse 
orientation. The altered pattern of MT recovery could equally be the result of 
changes in MT assembly dynamics at a higher temperature (discussed in section 
5.4.10). By raising the temperature, the rate of MT assembly should be increased 
in the same manner as it is in in vitro MT polymerization experiments (Weisenberg 
1972). MT nucleation may also be an important factor. If temperature does not 
affect the rate of MT nucleation (along existing MTs) to the same degree as it 
affects MT extension, branching of MTs will be reduced, resulting in decreased 
randomization of MT alignment prior to the 'break up' of branching assemblies. 
Alternatively, branching assemblies might 'break up' more rapidly because the 
trunk MTs are shorter lived at higher temperatures. 
5.4.6 The Nature of Microtubule Alignment Mechanisms 
This study has demonstrated that the MT array of Nitella internodal cells can 
be depolymerized until no MTs are detected by fluorescence microscopy and 
subsequently recover - in relatively little time - a transverse array that is 
indistinguishable from the original one ( compare angular frequency distribution 
histograms for control and 140 minutes recovery in Fig. 5.17). The survival of 
some transversely oriented fragments of MTs to guide reassembling MTs is 
therefore unnecessary. Thus, any mechanism dependent on alignment being 
imparted to MTs at an early stage of development, (for example, by strain 
alignment during the early phases of cell growth when circumferential expansion 
exceeds longitudinal - Green & King 1966) such that those MTs somehow impart 
orientation to further MTs as they assemble can not account for recovery. Rather, 
the orienting mechanisms must operate throughout elongation and be capable of 
functioning in the absence of cues from existing MTs. The observation that 
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recovery of a transverse array can occur even after 24 hours of MT disassembly, 
when less than 10 hours of MT disassembly can alter the major axis of expansion 
from longitudinal to circumferential (Richmond 1983 ), also rules out the 
possibility that MTs are aligned perpendicular to the major strain axis (Green & 
King 1966). A similar conclusion was reached for cellulose mfs by Gertel and 
Green (1977). It also implies that MT orienting mechanisms do not depend on 
cues from transversely aligned cellulose mfs abutting the outer face of the plasma 
membrane since Richmond (1983) showed that mf orientation "randomized" 
without a noticeable time lag upon MT disassembly. 
5.4.7 Microtubule Alignment Mechanisms and Rate of Growth 
In an earlier study, it was suggested that the degree to which MTs are 
transversely oriented depends on the rate of cell expansion (Ch 3; Wasteneys & 
Williamson 1987). Comparing recovery patterns in slowly and rapidly elongating 
cells shows that although it is not as rigorously maintained in slowly elongating 
cells, transverse order is transiently established. Thus, the mechanism that orients 
MTs transversely can operate equally well in both situations. A spurt of growth in 
the mature cells induced by inhibitor treatment is conceivable but seems unlikely. 
5.4.8 Mechanisms of Alignment Based on Microtubule-Microtubule 
Interaction 
The self-cinching loop hypothesis (Green & King 1966) is based on the idea 
that consolidation of the transverse array depends on interactions between nearby 
or overlapping MTs. Similarly the dynamic helix model (Lloyd & Seagull 1985) 
suggests that changes in MT orientation rely on sliding between overlapping MTs. 
Two observations made in this study could be interpreted to support these models. 
Firstly, during recovery of MTs in rapidly elongating cells, transverse order starts 
to increase at the time (i.e., 70 min.) maximum MT density is reached. Secondly, 
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in older, slowly elongating cells, the decline in transverse order that occurs after the 
establishment of a tightly transverse array appears to coincide with a decrease in 
the number of MTs. 
The idea that alignment depends on interaction between MTs, however, is not 
supported by other observations. Data from image analysis of MT recovery in 
rapidly elongating cells clearly show that the first MTs assembled after short (20 
min.) disassembly periods have a high degree of transverse orientation. Cross-
lin.king between such short and widely dispersed MTs therefore seems unlikely. 
After prolonged (24 hour) disassembly treatment, the first MTs to assemble are not 
transversely oriented. This suggests that the cell can 'remember' what transverse is 
but only for short periods of time. Transverse lines of MT-binding proteins in the 
membrane could, for example, survive short (e.g., 20 min.) disassembly periods. 
In the prolonged absence of MTs, diffusion, a change in the major growth axis or a 
change in some membrane property would gradually dissipate these proteins so 
that the first MTs would be randomly oriented. 
If MT orientation is dependent on MT-MT interaction, then the degree to 
which the MT array is transversely oriented should depend on the density of MTs 
and partial disassembly of the array should lead to randomization of the remaining 
MTs. It is therefore confusing that the youngest cells of Nitella have a much 
higher proportion of transverse MTs than older cells yet the MTs of younger cells 
appear to be less frequent and relatively short (see Ch. 3). MT depolymerization 
by oryzalin treatment (this study) or extended perfusion (Ch. 2) did not result in 
any detectable 're-orientation' of MTs during disassembly but neither of these 
treatments would have been long enough for "relaxation" to take place. It would 
be desirable to apply a very low concentration of inhibitor that would hold cells in 
a state of partial MT disassembly for long periods of time. 
Although interaction between MTs may be involved in the orientation process, 
it is certainly not the only factor. MT reorganization during recovery appears to 
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involve a more complex sequence of events including a 'memory' that enables 
some newly assembled MTs to assume transverse orientation, a second assembly 
process that causes MTs to become oriented at a variety of angles and a third 
mechanism that consolidates fully assembled MTs in a transverse array. 
5.4.9 Microtubule Stability and Transverse Orientation 
Control of orientation could operate on the basis of selective depolymerization 
of unstable non-transverse MTs that are either assembled in inappropriate 
directions or have become misaligned. Conversely, MTs could be selectively 
stabilized in the transverse direction so that they are longer-lived than MTs 
oriented in other directions. Depolymerization of MTs in oryzalin-treated cells 
occurred too rapidly to assess the pattern of disassembly quantitatively but 
partially-disassembled arrays retained a preponderance of transverse MTs. 
Evidence recently presented by Richmond and co-workers (1988) suggests that 
transverse MTs of Nitel/a internodal cells are more resistant to disassembly than 
their longitudinal counterparts in the presence of 10 µM amiprophos-methyl. 
Thus, transverse MTs may be expected to have lower rates of tubulin association 
and dissociation than their non-transverse counterparts. MAPs are obvious 
candidates for mediation of such a property. 
5.4.10 Dynamic Instability and Orientation 
During recovery from oryzalin-induced disassembly, the observation that 
transverse order starts to increase when maximum MT density is reached could 
reflect the rate of MT assembly/disassembly. During the period when MTs are 
maximally-randomized (i.e., between 40 and 70 min. recovery), MTs are 
undergoing rapid elongation (see Fig. 5.20). At this time, the relatively high 
concentration of unassembled tubulin would strongly favor assembly and decrease 
the probability of catastrophic shortening of MTs (see discussion on dynamic 
131 
instability in Ch. 1, section 1.5.2). Under such conditions, selective stabilization of 
MTs oriented in one direction would be inconsequential. When the tubulin 
concentration returns to pretreatment steady-state levels, MT length - on average -
does not change. Catastrophic shortening of MTs becomes increasingly likely so 
any mechanism that suppresses the frequency of phase transitions between 
elongation and shrinkage (e.g., interaction with MAPs) would be advantageous for 
the MTs affected. 
The fact that re-establishment of transverse orientation is considerably faster 
when temperature is increased suggests that the orienting mechanism may involve 
a metabolic process (see section 5.4.5). It is also possible, however, that since MT 
assembly is faster at the higher temperature, the cell is returned to its tubulin-
limited, steady-state environment more rapidly so that stabilizing mechanisms can 
become effective regulators of MT orientation sooner. 
An alternate explanation for the random orientation of MTs in the branching 
assemblies that are formed during early recovery is that stabilization of newly 
formed MTs by capping of 'slow' ends at the initiation sites promotes stability. 
Thus, MT clusters continue to incorporate new MTs that are oriented (because of 
the geometric constraints imposed by the initiation sites) in increasingly diverse 
directions. When the concentration of free tubulin reaches a critically low level, 
catastrophic shortening of some of the MTs could lead to 'disconnection' of the 
branching assemblies. 
The V- and Y-shaped branching clusters that are normally found amidst a 
predominantly transverse array (see Figs. 2.12 & 2.13) could comprise newly 
assembled MTs since they closely resemble the MTs observed during recovery 
from oryzalin treatment. How new MTs become transversely aligned is uncertain. 
They could be assembled in a transverse direction or become oriented by 
realignment. The results of this study do not rule out either possibility but it is 
worthwhile noting that the pattern in which MTs are initiated at apparently precise 
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angles along existing MTs could provide a means by which the orientation of 
newly formed MTs is constantly varied. Thus, transverse alignment could be 
achieved in the absence of a mechanism to 'pull' MTs into appropriate orientation; 
continuous branching would periodically provide transversely oriented MTs that 
could become stabilized, perhaps through interactions with a membrane-based 
template. 
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CONCLUSION 
By following MT recovery after oryzalin-induced depolymerization, several 
features of MT organization in Nitella internodal cells have been elucidated. Cells 
of three stages of development were selected for oryzalin treatment: (1) young, 
rapidly elongating cells with predominantly transverse MTs, (2) mature cells, close 
to growth cessation with scattered longitudinal and transverse MTs and (3) older, 
non-growing cells with randomly-oriented MTs. In all cases, recovery of an array 
that resembled the original pattern was achieved but in the second group, a 
transient period of transverse orientation was observed. Putative MT assembly 
sites were identified in the cortex as well as in the endoplasm. From quantitative 
analysis of cortical MT orientation patterns throughout recovery, three processes 
were identified: (1) a 'memory' that enables some newly assembled MTs to assume 
transverse orientation, (2) formation of branching assemblies that causes MTs to 
become oriented at a variety of angles and (3) a mechanism that consolidates fully 
assembled MTs in a transverse array. The merits of potential orienting 
mechanisms were discussed with consideration for the observed recovery patterns. 
CHAPTER 5 - FIGURES 
All micrographs represent fluorescent images from cells processed with a tubulin-
specific monoclonal antibody or the DNA-specific fluorochrome Hoechst 33258. 
All except Figs. 5.84 and 5.85 are arranged so that their long axis or the long axis 
of the page corresponds to the long axis of the cell. 
Figures 5.1 to 5.4. Disassembly of cortical MTs by treatment with 10 µM oryzalin 
in young, rapidly elongating internodal cells. Anti-tubulin 
immunofluorescence. 
Fig. 5.1. Untreated cell showing abundant, predominantly transverse MTs. 
Fig. 5.2. Five minute treatment with 10 µM oryzalin. Cortical MTs are relatively 
short and sparse. Transverse orientation still prevails . 
Fig. 5.3. Five minute treatment with 10 µM oryzalin. In addition to a few residual, 
mostly transverse MTs, brightly fluorescent vesicles are observed. 
Fig. 5.4. Ten minute treatment with 10 µM oryzalin. No MTs detected with anti-
tubulin immunofluorescence. 

Figs. 5.5 to 5.16. Recovery of transverse MT array after oryzalin induced 
disassembly. Cells were treated with 10 µM oryzalin for 20 minutes then 
allowed to recover under normal culturing conditions. Selected cells were 
fixed every ten minutes throughout recovery and MTs were visualized with 
an ti-tu bulin immunofluorescence. 
Fig. S.S. MTs were first observed about 20 minutes after removal from the oryzalin 
solution. At this time, they appeared mostly as single MTs with occasional 
groups of 2 or more MTs arranged in V- or Y-shaped patterns. MTs were 
mostly transversely oriented. 
Fig. 5.6. 30 minutes recovery. 
Fig. 5.7. At 40 minutes, MTs are longer, more abundant but orientation seems 
more scattered. 
Fig. 5.8. 50 minutes; MTs are arranged in large, fan-shaped clusters of branching 
MTs with no preferred orientation. 
Fig. 5.9. At 60 minutes, branching clusters show considerable overlap so that MTs 
are evenly distributed. There is no preferred orientation. 
Fig. 5.10. By 70 minutes, MT branching assemblies are less apparent and a fair 
degree of transverse orientation is now observed. 
Figs. 5.11 to 5.15. (80 to 120 min) MTs become evenly dispersed and increasingly 
oriented in a transverse direction. 
Fig. 5.16. MT order is considered to be fully restored at 140 min. MTs are oriented 
predominantly transvesely just as in untreated cells (see Fig. 5.1). 
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Fig. 5.20. MT density, expressed as total MT length per unit area (µm per mm2) is plotted against 
recovery time. As in the case of mean MT length and MT frequency (Figs. 5.18 & 5.19), density 
increases rapidly during the initial period of recovery and changes very little after 80 minutes. 
Figs. 5.21 to 5.24. Microtubule recovery after 30 minute treatment with high 
concentration (20 µM) of oryzalin. 
Fig. 5.21. After 20 minutes recovery time, there is no sign of MT assembly 
(compare with Fig. 5.5). 
Fig. 5.22. After 50 minutes recovery, there is little evidence of MT assembly 
(compare with Fig. 5.8). 
Fig. 5.23. Partially reassembly of MT array after 80 minutes recovery. MTs are 
well dispersed but still show some sign of clustering. 
Fig. 5.24. At 170 minutes recovery, the original transverse order is almost fully 
restored and MTs are very abundant. 

Figs. 5.25 to 5.33. Microtubule recovery at elevated temperature. After normal 
inhibitor treatment (10 µM oryzalin for 20 min.), cells were placed in oryzalin-
free culture medium at 25°C (compared with 18° C for normal recovery). 
Fig. 5.25. MTs were detected as early as 13 minutes after removal from inhibitor 
solutions. 
Figs. 5.26 & 5.27. 15 minutes recovery. MTs are short and predominantly 
transversely oriented. 
Fig. 5.28. At 20 minutes recovery, MTs are still predominantly transverse and 
show little sign of becoming randomized or forming extensive branching 
assemblies. Some V-shaped arrangements are visible in this micrograph. 
Figs. 5.29 to 5.32. Cells sampled at 25, 30, 50 and 60 minutes show continued 
assembly of MTs without significant randomization or formation of 
conpicuous branching assemblies that were seen at lower temperatures 
(compare with Figs. 5.7 to 5.9). 
Fig. 5.33. Complete recovery of transverse array occurs after only 70 minutes in 
contrast to 140 minutes for lower temperature treatment (Fig. 5.16). 

Figs. 5.34 to 5.39. Pattern of MT disassembly in mature internodal cells treated 
with 10 µM oryzalin. 
Fig. 5.34. Untreated cell showing near random arrangement of MTs. 
Fig. 5.35. Partial disassembly of MTs after 5 minutes. 
Fig. 5.36. 10 minute treatment. MTs are mostly disassembled but there are a few 
residual MTs (compare with Fig. 5.4). 
Fig. 5.37. 15 minute treatment. A small number of apparently resistant MTs are 
still detected. These MTs are of reasonable length. 
Figs. 5.38 & 5.39. 20 minute treatment. MTs are mostly disassembled but a few 
are occasionally detected (Fig. 5.38). In some cases, bright patches of 
fluorescence (Fig. 5.39) were observed. 

Figs. 5.40 to 5.48. MT recovery in cells in the final stages of growth. 
Fig. 5.40. After 60 minutes, MTs have assembled at discrete sites in the cortex 
from which they radiate. There is also some sign of branching assemblies 
which resemble those seen in younger cells during recovery (see Fig. 5.8). 
Fig. 5.41. At 80 minutes, MTs are more dispersed and less likely to be organized 
in branching clusters. In this case, MTs appear to be oriented in a radial 
pattern around a central area that is mostly devoid of MTs. 
Fig. 5.42. This photograph is from the same cell and adjacent to the area shown in 
Fig. 5.41. In the upper left comer, part of a radially-arranged group of MTs is 
shown whereas in the rest of the photograph, the MTs show no such 
' focussed' arrangement. The cortical array at this stage of recovery therefore 
is organized in periodic radiating patterns with intervening regions of 
distinctly-oriented MTs. 
Fig. 5.43. After 100 minutes recovery, MTs are still organized in radial patterns 
around periodic MT-depleted sites but are now far more numerous. There are 
many examples of MT branching (i.e., short MTs contiguous with longer 
MTs) in this photograph. 
Fig. 5.44. MTs are far more abundant after 120 minutes recovery than would be 
expected for cells at this stage of development (compare with Fig. 5.34) but 
like untreated cells show no preferred orientation. 
Fig. 5.45. Cells fixed at later recovery times showed increasing degree of 
transverse orientation. This photograph, from a cell fixed after 140 minutes 
recovery shows an increasing tendency for MTs to be transversely oriented. 
Fig. 5.46. 140 minutes recovery: the MTs in this cell are as consistently transverse 
and well ordered as would be expected for a rapidly elongating internode 
(compare with Figs. 5.1 & 5.16). 
Figs. 5.47 & 5.48. 200 and 220 minutes recovery: continued sampling of mature 
intemodal cells at longer recovery times showed an increased dispersal of MTs 
about the transverse axis along with a decline in the number of MTs. 

Figs. 5.49 to 5.77. MT recovery in older, non-growing internodal cells from 
oryzalin-induced disassembly. 
Figs. 5.49 to 5.51. 90 minutes recovery. MTs were first detected at discrete sites 
dispersed throughout the cortex. MTs at this stage are very short and 
generally contiguous with one or more MTs of similar length. In the lower 
part of Fig. 5.51, a more extensive branching assembly is visible. 
Figs. 5.52 to 5.54. 100 minutes recovery: MTs arranged at sites in cortex. MTs 
rarely spread more than 90° from individual focal points but assemblies 
themselves display no preferred orientation as illustrated in Fig. 5.52 where 
two nearby assemblies are 'pointed' in opposite directions. 
Figs. 5.55 & 5.56. Herringbone-shaped assemblies of MTs at 160 minutes 
recovery. Individual assemblies retain their focussed appearance but MTs are 
no longer contiguous at a single site. Instead, some MTs 'branch' from what 
appear to be previously assembled MTs. 
Fig. 5.57. Two fan-shaped branching assemblies at 160 minutes whose MTs are 
partially overlapping. Such a configuration could represent what would be 
expected for the the MT assemblies in Fig. 5.52 at later recovery time. 
Figs. 5.58 & 5.59. Examples of branching assemblies which share a common focal 
point (160 minutes). 
Fig. 5.60. Overlapping MTs from two nearby assemblies at 160 minutes recovery. 

Figs. 5.61 & 5.62. Spectacular star burst-shaped MT assemblies dispersed 
throughout the cortex (160 minutes recovery). 
Figs. 5.63 to 5.68. 180 minutes recovery: The MT arrangement is variable but 
there is a general trend at this stage of recovery for assemblies to become 
disconnected. 
Fig. 5.63. MT assemblies cover a greater area and component MTs appear to be of 
greater length than at earlier recovery times. 
Fig. 5.64. MTs are no longer contiguous at a focal point suggesting that the 
earliest formed MTs have disassembled or become disconnected. 
Figs. 5.65 to 5.68. These micrographs are all from the same cell and show various 
radial patterns of MT assembly. 
Fig. 5.65. MTs radiate in every direction from the central region. MTs are still 
arranged in branching assemblies. 
Fig. 5.66. Same field of view as Fig. 5.67 but lower plane of focus showing MTs 
projecting into the endoplasmic region. 
Fig. 5.67. The same field of view as in Fig. 5.66 shows cortical MTs focussed 
around the same area from which MTs were seen at the lower plane of focus. 
The central area is mostly devoid of MTs. 
Fig. 5.68. Another region of the same cell showing several branching assemblies 
positioned around an almost MT-free central zone. 

Figs. 5.69 & 5.70. Two micrographs from different areas of the same cell (150 
minutes recovery) showing very different MT patterns. In Fig. 5.69, the MTs 
are less abundant and mostly arranged in discrete branching assemblies. In 
contrast, the MTs in Fig. 5.70 are almost evenly dispersed and not as restricted 
to branching clusters. In addition to variation in organization within single 
cells, there was also considerable inconsistency in the degree of recovery 
between cells fixed at the same recovery times. Compare, for example the 
patterns of Figs. 5.55 and 5.70 which are from cells fixed after identical 
recovery times. 
Figs. 5.71 to 5.77: 160, 170, 200, 220, 260, 270, 280 minutes respectively. MTs 
show increasingly even dispersal and branching assemblies become less 
conspicuous. At no stage during recovery do MTs show any preferred 
orientation. 

Figs. 5.78 to 5.92. The occurence of MTs in the endoplasm of young, rapidly 
elongating internodal cells during recovery from oryzalin treatments. Cells 
were fixed after various recovery times and MT patterns in both the cortex and 
endoplasm analyzed. To avoid attenuation of fluorescence due to light 
absorption by the chloroplasts, single layer preparations were processed (as 
described in chapter 2) so that MTs could be viewed from alternate sides of 
the chloroplast layer. Thus better resolution of endoplasmic MTs was 
possible. 
Figs. 5.78 to 5.80. Cortical (A) and endoplasmic (B) views of anti-tubulin-labelled 
internodal cells , fixed after various periods of recovery. In each case, the 
image shown in (A) is from approximately the same area as (B) but reversed 
because the cells have been viewed from opposite sides. C: Hoechst 
33258-stained nuclei in the same field of view as B. 
Fig. 5.78. 15 minutes recovery. No MTs detected in cortex (A) or in endoplasm 
(B). Nuclei (C) appear only faintly fluorescent with anti-tubulin 
immunofluorescence (B). 
Fig. 5.79. After 50 minutes recovery, cortical MTs (A) are very abundant in the 
cortex (see also Fig. 5.8) but none are detected in the endoplasmic region (B). 
Bright patches of fluorescence on the nuclei (B) suggest tubulin-localization. 
These same sites are non-fluorescent with Hoechst staining (C) which 
indicates that either Hoechst labelling is impeded or the signal is blocked. 
This suggests the tubulin-specific sites are situated on the nuclear surface. 
Figs. 5.80. 60 minutes recovery. As assembly in the cortex (A) reaches maximum 
levels (see Fig. 5.20), MTs are also detected on the endoplasmic side of the 
chloroplast layer (B ). In this case, most of the MTs seen are aligned parallel to 
the subcotical actin cables but some are also associated with the endoplasmic 
nuclei (C). Some of the nuclei show a diffuse, tubulin-specific fluorescence. 

Figs. 5.81 to 5.85. Various arrangements of endoplasmic MTs observed at 60 
minutes recovery. 
Fig. 5.81. Through focus series showing (A) MTs against lower chloroplast layer 
(sub-cortex) and slightly deeper in the streaming endoplasm (B). In A, the 
MTs are mostly parallel to the chloroplast files. In B, MTs have formed a 
basket-like arrangement around one of the nuclei (located in the center of the 
photograph - compare with Hoechst-labelling pattern in C). Nuclei lack anti-
tubulin-specific fluorescence. 
Fig. 5.82. Through focus series showing (A) MTs against lower chloroplast layer 
(sub-cortex) and slightly deeper in the streaming endoplasm (B ). As in 
previous figure, the subcortical MTs are mostly parallel to the chloroplast files 
but deeper in the endoplasm (B), they are oriented in a variety of patterns 
probably in association with nuclei. 
Fig. 5.83. The majority of MTs in subcortical region are parallel to the chloroplast 
files and the actin cables but some divergence is sometimes observed. 

Fig. 5.84. MTs associated with a large group of nuclei. B: MTs parallel to the 
chloroplast layer in the subcortical region. B: Deeper in the endoplasm, MTs 
form network around nuclei. C: Hoechst-labelling of nuclei. 

Fig. 5.85. Network of MTs around a large group of nuclei. Slightly different 
planes of focus presented in A and B indicate depth of such an array. 
Comparing the MT pattern with the distribution of nuclei in C shows clearly 
the association of MTs with nuclei. The nuclei have no detectable anti-
tubulin-specific fluorescence. 

Fig. 5.86. Cortical MTs. 
Fig. 5.87. Endoplasmic MTs in same cell as Fig. 5.86. MTs are still relatively 
long but are not arranged in networks around nuclei to the same extent as in 
cells sampled at 60 minutes. 
Fig. 5.88. Subcortical MTs still present but are relatively short (compare with 
Figs. 5.80A and 5.83). 
Fig. 5.89. Through focus series. A few MTs are seen close to the lower 
chloroplast layer (A and B) but only diffuse fluorescence is detected around 
nuclei (B and C). 

Figs. 5.90 to 5.92. Cortical (A) and endoplasmic (B) views of anti-tubulin-labelled 
internodal cells, fixed after various periods of recovery. In each case, the 
image shown in (A) is from approximately the same area as (B) but reversed 
because the cells have been viewed from opposite sides. C: Hoechst 
33258-stained nuclei in the same field of view as B. 
Fig. 5.90. 80 minutes recovery. Cortical MTs (A) are fully dispersed and starting 
to recover some degree of transverse order. No endoplasmic or subcortical 
MTs were found (B), but brightly fluorescent spots, similar to those detected 
at 50 minutes (Fig. 5.79B), were associated with the nuclei. 
Figs. 5.91 & 5.92. 100 and 140 minutes recovery. Cortical MTs have resumed a 
mostly transverse order (A). In the endoplasm (B), nuclei display some patchy 
fluorescence but no MTs are detected. 

CHAPTER 6 
IDENTIFICATION OF MICROTUBULE ASSEMBLY SITES 
IN NITELLA INTERNODAL CELLS 
USING A SEMI-IN VITRO ASSAY WITH PURIFIED EXOGENOUS TUBULIN 
Some of the findings described in this chapter have been previously presented 
in a poster at the 4th International Congress of Cell Biology at Montreal in 
August 1988. 
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6.1 INTRODUCTION 
Microtubule organizing center (MTOC) is a useful term for describing those 
sites within cells capable of regulating the behaviour of MTs. For clarification of 
what MTOCs can do and how they are believed to operate, a review of the section 
in Chapter 1 devoted to MTOCs (section 1.6) is recommended. MTOCs may be 
preferred assembly sites (e .g., centrosomes, mitotic spindle pole bodies and basal 
body rootlets) but may also be the site of MT capture (e.g ., kinetochores). They 
frequently define the polarity and orientation of MTs and can regulate MT 
dynamics, stability, number, spatial distribution and length (for reviews see Tucker 
1979; Brown et al. 1982; McIntosh 1983; Brinkley 1985). It is generally believed 
that MTOCs promote MT assembly by lowering the critical tubulin concentration 
or by facilitating the nucleation of MTs so that site specific MTs have a kinetic 
advantage over freely-assembled MTs. Alternatively, MTOCs are seen as MT 
stabilizers which can, through capping one end, prevent depolymerization. 
MTOCs have been identified and studied in various ways. Any site in a cell 
from which MTs appear to radiate from or attach to is potentially a MTOC. 
Putative sites have been identified by observing the establishment of MT arrays at 
different stages of the cell cycle or after drug induced disassembly. A more 
reliable test of MT organizing capacity is the ability of a putative MTOC to 
stimulate MT assembly in vitro. In such assays, permeabilized cells or intact, 
isolated structures are supplied with purified, exogenous tubulin (Allen & Borisy 
1974; Binder et al. 1975; Weisenberg & Rosenfeld 1975; Brinkley et al. 1981 a & 
b; Steams & Brown 1981; Mitchison & Kirschner 1984a). If MTs are formed, the 
element is considered to have the capacity to nucleate MT assembly. 
Some flagellated plant cells, in particular, the unicellular green algae 
Chlamydomonas (Goodenough & Weiss 1978) and Polytomella (Brown et al. 
1976) have well defined MTOCs associated with the basal bodies. In other plant 
cells, which lack centrioles and a centrosomal region, MTOCs are less clearly 
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defined. Putative sites have been described at the nuclear envelope (De Mey et al. 
1982, Clayton et al. 1985, Wick 1985, Ch. 5), along cell edges (Gunning et al. 
1978), and at sites distributed throughout the cortical cytoplasm (Gunning 1980; 
Galatis et al. 1983; Falconer & Seagull 1986 , 1987; Falconer et al. 1988 ; 
Hoffmann 1986; Hogetsu 1986; Cleary & Hardham 1988). MTOCs in non-
flagellated plant cells are believed to be more numerous and more widely dispersed 
(Jackson & Doyle 1982) than those in animal cells. However, the existence of 
specific structures or pericentriolar-like material that could initiate MT assembly 
has not been conclusively demonstrated (Lloyd et al. 1985; Clayton et al. 1985; 
Wick 1985). 
Immunofluorescence studies of MT distribution and orientation patterns in 
Nitella intemodal cells (Ch. 2 & 3) have shown that whilst some endoplasmic MTs 
are closely associated with nuclei, cortical MTs normally show little evidence of 
association with any cell structures visible in the light microscope. Microtubule 
depolymerization/recovery experiments (Ch. 5) also showed an association of 
endoplasmic MTs with the with nuclei. Although this observation suggests that 
MTs may assemble at nuclei, it did not suggest that cortical MTs originate in the 
endoplasm (Ch. 5). Rather, before endoplasmic MTs appear, cortical MTs are seen 
at many discrete sites close to the plasma membrane. The reassembly process of 
cortical MTs can be divided into two distinct stages: (1) the initial appearance of 
single MTs and (2) the assembly of other MTs off (or very close to) the earlier 
formed MTs. Both stages could represent MTOC-initiated MT assembly. It is 
clearly of great interest to determine whether assembly-promoting material is 
associated with these sites. 
Despite many years of plant MT research , there has not been any clear 
demonstration (apart from basal body MTOCs in flagellated algal cells) of sites in 
plant cells that can initiate MT assembly. The work described in this chapter 
provides a semi-in vitro experimental approach to defining structures in plant cells 
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that are capable of promoting the assembly of purified tubulin. The investigation 
involves the perfusion of Nitella intemodal cells with tubulin purified from sheep 
brain tissue and subsequent evaluation of MT assembly with fluorescence 
microscopy. 
. 
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6.2 MATERIALS AND METHODS 
6.2.1 Plant Material and Culture Conditions 
Shoots of Nitella tasmanica were cultured as described in Chapter 2. For all 
treatments, young, rapidly expanding internodal cells that were at least 1 cm in 
length were selected. 
6.2.2 Tubulin Purification/ Biotinylation Method 
Sheep brain tubulin was purified (with assistance from P.P. Jablonsky) by two 
cycles of assembly-disassembly and phosphocellulose chromatography using the 
method of Williams and Lee (1982). Purified tubulin was biotinylated using the 
method of Mitchison and Kirschner (1985a) except that biotinyl-aminocaproic acid 
N-hydroxysuccinimide ester was used. Biotinylated tubulin was subsequently 
purified by two cycles of assembly-disassembly. This method typically yielded 
tubulin at approximately 2 mg/ml (determined by P. P. Jablonsky). That 
biotinylation was successful was tested by electrophoresing a sample on an SDS 
gel, transferring to nitrocellulose and incubating with SA-horseradish peroxidase 
(F. Grolig's assistance). 200 µI aliquots were stored in lOOmM PIPES buffer or 
MTAB (without GTP) at-80°C for up to 6 weeks. 
6.2.3 Perfusion Solutions 
The standard solution used for the extraction of the central vacuole, tonoplast 
and some of the endoplasm prior to perfusion with purified tu bulin was the 1 o-7 M 
free ca2+ ATP-free solution (PS) of Williamson (1975) described in Chapter 2. 
For the promotion of MT assembly in vitro, a solution containing 2 M glycerol, 
100 mM piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES) buffer with 2 mM 
ethyleneglycol-bis-(~-amino-ethyl ether)N,N,N' ,N' -tetraacetic acid (EGTA), 5 mM 
MgC12 and 1 mM GTP, pH 6.8, was used. Whilst this buffer, known as MT 
assembly buffer or MTAB, also promoted the assembly of MTs from purified 
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tubulin in perfusion, the cells were better preserved when the buffer was 
supplemented with 70 mM KCl, 1.48 mM CaC12 and 200 mM sucrose and the 
concentration of EGTA was increased to 5 mM [essentially the 10-7M free ca2+ 
ATP-free solution (PS) using 100 mM PIPES buffer (instead of 10 mM) and 
supplemented with 2 M glycerol and 1 mM GTP]. This solution, hereafter referred 
to as MTAB-2, promoted MT assembly and reduced the tendency for cells to 
become plasmolysed. Other experiments utilized a buffer that would not promote 
spontaneous assembly of MTs. This non-assembly buffer (NAB) consisted simply 
of 100 mM PIPES buffer with 200 mM sucrose and 1 mM GTP. 
6.2.4 In Vitro Assays of Assembly-Promoting Capacity of Perfusion Solutions 
Purified tubulin, supplied in MTAB and NAB was incubated directly on glass 
coverslips [coated with 2 µl poly- L-lysine; MW 306 kD (Sigma)] for 20 to 30 
minutes at room temperature. Samples were fixed in 1 % glutaraldehyde for 5 
minutes, washed in PBS (see Ch 2) and labelled with SA-PE (see section 6.2.7) or 
processed for standard anti-tubulin immunofluorescence (Ch. 2, section 2.2.7). A 
turbidimetry assay (carried out by P. P. Jablonsky) measured the absorbance 
increase at 350 nm for 1ml reaction mixtures containing 1.2 to 2.0 mg.ml- 3 
purified tubulin in MTAB or NAB. Reaction mixtures were kept on ice prior to the 
assay and tubulin polymerization initiated by incubation at 37°C after which 
absorbance was monitored continuously. 
6.2.5 Microtubule Disassembly and Removal of Endogenous Microtubule 
Proteins 
To follow the assembly of MTs from purified tubulin in the absence of any 
endogenous tubulin and associated proteins, cells were first treated with 10 µM 
oryzalin for 20 minutes (as described in Chapter 5) to depolymerize existing MTs 
and then perfused (the standard vacuolar perfusion technique described in Chapter 
2, section 2.2.4) to wash out the soluble MT proteins. Although in some 
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experiments a MT destabilizing buffer containing high Ca2+ was used to ensure 
disassembly of all MTs, this step was found to be unecessary. When cells that had 
been perfused for 2 minutes with the standard 10-7 M ATP-free perfusion solution 
were incubated with tubulin-free MT AB, no MTs were detected. Thus, a 5 minute 
perfusion with either PS, MTAB or MTAB-2 after oryzalin treatment was 
sufficient to remove the endogenous MT proteins. 
6.2.6 Perfusion and Fixation 
After initial perfusion to remove . vacuole, tonoplast and some of the 
endoplasm, cells were perfused with freshly thawed, purified tubulin in appropriate 
buffer solutions. For all experiments, GTP was added just prior to perfusion. 
Rather than continuous perfusion, the tubulin solutions were allowed to perfuse 
only to displace the previous solution. The height of liquid in each perfusion well 
was then adjusted to stop the flow of perfused solution. After incubating for 
specified periods of time, cells were briefly perfused (approx. 2 min.) with tubulin-
free buffer in order to wash out unpolymerized tubulin and then fixed with 1 % 
glutaraldehyde in the same buffer. 
6.2.7 Visualization of Assembled Microtubules Using Fluorescence 
Microscopy 
Fluorescence microscopy methods are described in Chapter 2, section 2.2. 7. 
Since the purified tubulin that was supplied to the cells had been biotinylated, 
fluorescently-labelled streptavidin (SA) could be used to localize the assembled 
MTs. For this purpose, SA conjugated to both FITC (BIOMEDA F72-509) and 
phycoerythrin (PE) (Becton Dickinson 9023) was successful. The presence of 
residual endogenous MTs could be verified using standard anti-tubulin 
immunofluorescence (described in Ch 2, section 2.2.6). In experiments where 
oryzalin disassembly was not carried out prior to perfusion with purified tubulin, 
I 
I 
.. 
141 
the two populations of MTs could be distiguished with double labelling techniques 
(see Ch 2, section 2.2.7). MTs containing biotinylated tubulin were localized with 
SA-PE whereas all MTs could be identified with anti-tubulin and localized with a 
secondary antibody conjugated with FITC. Alternatively, biotinylated MTs were 
localized with SA-FITC and a secondary antibody, conjugated with PE was used to 
label the total set of MTs. The DNA-specific probe Hoechst 33258 was used 
exactly as described in Chapter 2 (section 2.2.7) for labelling nuclei. 
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6.3 RESULTS 
The major achievement of this investigation was the successful application of 
a semi-in vitro tubulin assembly assay utilizing purified tubulin in an assembly-
incompetent buffer. Other observations, regarding MT behaviour in assembly-
promoting buffers, are also reported, but they should not obscure the primary 
objective of the research, which was to verify the existence of sites that are capable 
of initiating MT assembly. The results of this latter investigation, on which major 
emphasis should be placed, are described in section 6.3.6. 
6.3.1 Effects of Microtubule Assembly Buffer on Existing Cortical 
Microtubules 
Incubation of perfused internodal cells not exposed to oryzalin with MTAB 
prevented the disassembly of the cortical MT array for relatively long periods of 
time. Although such treatments did not cause any detectable change in the number 
of MTs, their arrangement was altered considerably (Figs. 6.1 to 6.4 ). Whereas 
cortical MTs are normally seen only in one narrow plane of focus near the plasma 
membrane, introduction of MT AB into the cells caused MTs to become distributed 
throughout the cortex. Through focussing was now required to observe all the 
MTs (see Fig. 6.1). In addition, the predominantly transverse orientation of MTs, 
expected in such rapidly growing cells, was less apparent after perfusion with 
MTAB. In some cases, the MT arrangement resembled that of non-growing cells 
(Fig. 6.2) with random MT orientation patterns except that the array was now also 
noticeably three-dimensional. In some cases, MTs were locally aligned in non-
transverse directions (Fig. 6.3), possibly due to flow of buffer through the cell. 
Another feature of prolonged incubation of internodal cells with MTAB was the 
intense labelling of endoplasmic nuclei after anti-tubulin immunofluorescence 
(Fig. 6.4). This buffer clearly favored the maintenance of MTs but not their highly 
ordered arrangement. 
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6.3.2 In Vitro Microtubule Assembly 
To test the ability of the purified tubulin to polymerize in the chosen assembly 
buffer, biotinylated tubulin in MTAB with 1 mM GTP was applied to poly-L-
lysine1 -coated coverslips and incubated for up to 30 minutes. After fixation in 1 % 
glutaraldehyde and labelling with SA-PE, a fine meshwork of filaments, presumed 
to be MTs, was observed by fluorescence microscopy (Fig. 6.5). Anti-tubulin 
immunofluorecence gave identical labelling patterns. This experiment verified that 
the assembly buffer would support spontaneous MT assembly at that tubulin 
concentration. In contrast, biotinylated tubulin did not produce MTs under 
identical conditions when diluted in NAB with 1 mM GTP. A turbidimetric assay 
of MT assembly conducted by P. P. Jablonsky verified that tubulin polymerization 
occurred in MT AB but not in NAB. There was a substantial increase in 
absorbance when biotinylated and purified tubulin was incubated in MTAB but no 
significant change in NAB. 
6.3.3 Microtubule Assembly Patterns in Cells Perfused with Purified Tubulin 
in Assembly-Promoting Buffer 
In order to observe assembly patterns of purified tubulin in internodal cells in 
the presence of an assembly-promoting buffer, oryzalin-treated cells were perfused 
and incubated for up to 90 minutes with biotinylated tubulin in MTAB. SA-PE 
was used for the detection of MTs assembled from biotinylated tubulin. GTP was 
found to be essential for MT assembly. Assembly patterns varied but MTs were 
most abundant in the endoplasm (Figs. 6.6 to 6.10). Cells incubated for 20 minutes 
showed fairly extensive arrays of MTs. These contained MTs of highly variable 
1. Poly-L-lysine is known to promote tubulin polymerization but apparently only in the 
presence of MAPs (Erickson & Voter 1976; Murphy et al. 1977). Since MAP-free tubulin 
was used, poly-L-lysine-induced polymerization should not be a problem. 
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orientations (Figs. 6.6 to 6.8). Although some "free" MTs were observed, MTs 
associated with nuclei seemed to be predominant. Nuclei generally had a diffuse 
fluorescence and almost invariably were surrounded by some short MTs (Figs. 6.9 
& 6.10). 
MTs were rarely detected in the cortex and only when cells were incubated for 
over 1 hour. These MTs generally did not resemble typical Nitella cortical MTs 
(Figs. 6.11 & 6.13); they tended to appear as rather short thick filamentous 
structures. After 1 hour incubation, nuclei still had a diffuse fluorescence but 
endoplasmic MTs were scarce (Figs. 6.12 to 6.14). 
6.3.4 Effects of ATP on Microtubule Assembly 
Cytoplasmic streaming, a ubiquitous property of living internodal cells, can be 
re-induced in perfused Chara internodes when ATP is added to the perfusion 
solution (Williamson 1975). ATP was therefore included in the MTAB-2 to 
· simulate in vivo conditions during incubation with purified brain tubulin. Under 
these conditions, cytoplasmic streaming was maintained at a very slow rate 
(probably due to the high viscosity of the glycerol in the buffer) and very unusual 
networks of MTs were formed. In some cases when nuclei were lost (presumably 
by streaming) from the perfused cells, MT assemblies were still observed in the 
endoplasm (Fig. 6.19) and also to some extent in the cortex (Fig. 6.18). This 
suggests that nuclei are not required for MT assembly in MTAB. MTs formed 
tightly-organized, net-like arrays. Where nuclei remained in the cells, MT 
networks were generally more extensive but did not associate exclusively with 
nuclei. 
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6.3.5 Assembly of Microtubules from Purified Tubulin Without Removal of 
the Existing Array 
Although most of the experiments performed in this study involved the initial 
disassembly of MTs and subsequent removal of the soluble MT proteins by 
perfusion, it was also of interest to see how assembly of MTs from purified tubulin 
would occur if the original array was still present. It was also thought that the 
introduced tubulin might co-assemble with the existing MTs. To minimize 
disassembly of the existing MTs during the incubation of the cell with biotinylated 
tubulin, the purified tubulin was introduced in MTAB-2 after a very short initial 
perfusion. By double labelling, it was possible to distinguish the MTs that 
contained biotin-tagged tubulin molecules from the endogenous MT population 
and thereby identify sites of MT assembly. 
After such treatments, MTs were observed in the cortex but there was no 
labelling with SA-FITC to suggest that these MTs comprised biotinylated tubulin. 
Rather they appeared to include only non-biotinylated tubulin (Fig. 6.15d). On the 
other hand, MTs that were observed in the endoplasm were apparently assembled 
from the purified, biotinylated tubulin introduced by perfusion (Fig. 6.15a,b & c). 
It therefore seems that although the purified tubulin was able to assemble into 
MTs, it probably did not associate with the original MTs nor did it undergo 
assembly in the cortex. The MTs that did assemble in the endoplasm under these 
conditions tended to have a strong association with nuclei (Fig. 6.16) and MTs 
containing biotinylated tubulin often extended from the periphery of nuclei. The 
surface of nuclei also tended to label strongly with SA-fluorochromes after 
incubation with biotinylated tubulin, even when no MTs were detected (Fig. 6.17). 
6.3.6 Assembly of Microtubules in Internodal Cells in a Non-Assembly Buffer 
The most important part of this study involved the investigation of MT 
assembly after perfusion of purified tubulin in a buffer that would not, on its own, 
..... 
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promote MT assembly. When purified tubulin was incubated in vitro in NAB (see 
section 6.3.2) MT assembly did not occur. In contrast, the perfusion of such a 
solution into internodal cells resulted in considerable MT assembly in both the 
endoplasm and cortex especially when cells were perfused for long periods of time 
(i.e., up to 2 hours). The location and configuration of the MTs assembled 
depended to a large extent on the degree to which the chloroplast array remained 
intact. Normally MTs were only observed in the endoplasm. These either formed 
extensive, swirling bundles of MTs (Figs. 6.25 & 6.26) that had no apparent 
association with a particular structure or else they formed interconnected networks 
of MTs running between nuclei (Figs. 6.28 & 6.29). Occasionally, MT clusters 
centered at the chloroplast layer extended partially into the cortex (Figs. 6.27 & 
6.30). 
When the chloroplast layer was disrupted by rapid initial flow of PS, MT 
assembly in the cortex was usually detected. In cases where complete removal of 
large areas of chloroplasts occurred, MTs of unusual, wiggly form that were 
apparently appressed to the plasma membrane were found (Figs. 6.21 to 6.23). 
Where only partial removal of the chloroplast array was achieved, massive MT 
assembly occurred between the plasma membrane and the chloroplast layer 
(Figs. 6.24 & 6.27). Occasionally some of these MTs extended from beneath the 
chloroplast layer into the chloroplast-free zones (Figs. 6.24 & 6.27). 
In some cases, large numbers of MTs appeared to radiate out from foci 
(Figs. 6.31 a, 6.32a & 6.33a). Such foci were fairly evenly distributed throughout 
the cortex but almost invariably were located near a site of damage to the 
chloroplast layer (see Figs. 6.31 b, 6.32b & 6.33b). MTs that assembled at such 
sites usually did not show any sign of preferred orientation. Occasional 
realignment of MTs, shown, for example in Fig. 6.31, may have been simply 
caused by the flow of perfusion solution through the cell (possibly getting under 
the chloroplast layer in some areas). 
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6.3.7 Perinuclear Fluorescence 
Strong perinuclear fluorescence was commonly observed after perfusion with 
biotinylated tubulin (see Figs. 6.9, 6.10, 6.12 to 14, 6.16, 6.17 & 6.29). Whether 
this labelling was due to the affinity of the nuclei for tubulin or biotin was 
examined in two ways. Firstly, cells were perfused with purified, non-biotinylated 
tubulin. Anti-tubulin immunofluorescence showed strong (qualitatively stronger 
than normal perinuclear fluorescence observed with anti-tubulin 
immunofluorescence) labelling of nuclei suggesting binding of tubulin. Secondly, 
intemodal cells were perfused with a biotinylated, non-specific antibody (to goat 
IgG) followed by SA-PE. While the resulting nuclear fluorescence was 
considerably less than that seen after incubation with biotinylated tubulin, the 
nuclei showed fluorescence above that of SA-PE only controls. It is therefore 
possible that at least some of the binding of biotinylated tubulin to the nuclei was 
due to nuclear affinity for biotin. This investigation was merely preliminary; more 
exhaustive experiments will be applied to determine the exact nature of both 
tubulin and biotin binding to the nucleus. 
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6.4 DISCUSSION 
6.4.1 Experimental Objectives 
The principal objective of this investigation was to identify MT assembly sites 
by perfusing cells with purified exogenous tubulin . The experiments were of two 
types: those utilizing MT assembly buffers (MTAB & MTAB-2) and those 
utilizing a buffer that would not on its own, support MT assembly (NAB). Only 
those experiments with NAB can be considered truly diagnostic for MT assembly 
sites since MTAB may also support some spontaneous assembly. 
The experimental approach is of course limited in the extent to which it can 
simulate in vivo assembly conditions. Soluble proteins that normally bind to MTs 
or MTOCs are probably removed from the cell during perfusion, especially after 
the endogenous MTs have been disassembled with drug treatments. Although MT 
assembly should still occur at intact assembly sites, their arrangement is unlikely to 
resemble the in vivo assembly pattern. Biotinylation of the purified tubulin may 
also introduce abnormal assembly behaviour and biotin itself may have binding 
properties that affect the distribution of the tubulin subunits. There was, for 
example, some suggestion that biotin has an affinity for the surface of nuclei that is 
independent of tubulin's apparent affinity for the same site. 
6.4.2 Selection of Suitable Assembly Buffers 
Vacuolar perfusion was used for the introduction of purified exogenous 
tubulin to internodal cells. This technique removes the tonoplast and central 
vacuole (Smith & Walker 1981; Williamson 197 5) along with proteases (Moriasu 
& Tazawa 1986) so that the contents of the endoplasm can be quickly replaced 
with a buffer containing the purified tubulin. The buffers in which the exogenous 
tubulin was supplied to the internodal cells were similar in composition to the 
10-7M free ca2+ ATP-free solution (PS) of Williamson (1975) which prevents 
plasmolysis, causes minimal distortion to the components of the cortical cytoplasm 
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(Williamson 1975, 1985) and maintains the plasma membrane in a functional 
condition (Smith & Walker 1981). GTP (1 mM), which is necessary for MT 
polymerization (Weisenberg et al. 1968; Jameson & Caplow 1980; Carlier et al. 
1981, 1987; Schilstra et al. 1987; Hesse et al. 1987; Martin & Bayley 1987) was 
included in the buffer solutions. 
6.4.3 Stability of Endogenous Cortical Microtubule Array in Assembly Buffer 
By modifying the perfusion solution, disassembly of the cortical MT array can 
be delayed considerably. In Chapter 2 it was shown that extended perfusion with 
the standard 10-7M free Ca2+ ATP-free solution (PS) led to almost complete loss 
of MTs within 20 minutes. NAB causes a similar effect. In contrast, MT 
disassembly and loss is greatly impeded when MTAB (or MTAB-2) is used instead 
of PS or NAB. This observation is important because it indicates that the MTAB 
favors MT stability in perfused cells for considerable lengths of time and it 
therefore should be useful for stabilizing the MTs that are assembled from an 
exogenous source of tubulin. 
Although MTAB clearly delayed disassembly of endogenous MTs, it did not 
maintain their transverse arrangement in the cortex. This observation is extremely 
interesting with regard to MT organization. Under in vivo conditions, cortical MTs 
are (apparently) constrained to lie close to the plasma membrane and in elongating 
cells to be oriented predominantly transverse to the major axis of expansion. In 
Chapter 3 it was suggested that this transverse orientation might result from 
selective disassembly of non-transverse MTs. By perfusing cells with MTAB, the 
control over MT orientation was apparently lost and MTs became distributed 
throughout the cortex and oriented in many directions. This effect might be 
attributed to the MT-stabilizing properties of MTAB. Thus, the idea that MT 
arrangement relies on variable stability based in part on location (i .e. close to the 
II 
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plasma membrane) and orientation is supported. By permitting unconditional 
stability, MT order seems to be lost. 
There are, however, other plausible explanations for the change in MT 
orientation that was observed. If the orienting mechanism is influenced by the rate 
of expansion, as suggested in previous chapters, perfusion - by eliminating turgor 
pressure - would eliminate a necessary cue for transverse MT alignment. 
Perfusion undoubtedly depletes the cell of factors such as MAPs that are likely to 
be involved in MT orientation. If transverse alignment relies on the formation of 
cross-bridges of MTs with each other and to the plasma membrane, perfusion with 
MTAB could cause breakdown of such linkages. If ATP is required for cross-
bridge formation (McIntosh 1973; Gibbons 1977; Sale & Satir 1977), its removal 
from the cell by perfusion could result in rapid loss of MT order. Alternatively, 
glycerol, which was present in the assembly buffer may have caused disruption of 
MT order just as it did (albeit at much higher concentrations) when applied to 
internodal cells in the form of a stabilizing buffer in Chapter 2. Glycerol is known 
to alter membrane properties (Willison 1975) so may have disrupted normal 
associations between MTs and the plasma membrane. 
Whether such changes in MT distribution and orientation are due to 
realignment of stabilized MTs or because new MTs are assembled from the tubulin 
pool in other locations is uncertain. Glycerol can promote spontaneous MT 
assembly (Mitchison & Kirschner 1984b; Rothwell et al. 1986; Kristofferson et al. 
1986) in the absence of MAPs (Na & Timasheff 1981 ), but the assembly products 
are frequently abnormal (Matsumura & Hayashi 1976). Glycerol acts primarily as 
a stabilizer rather than a promoter of MT assembly since it decreases the rate of 
tubulin association and dissociation but does not lower the critical tubulin 
concentration (Keates 1980). It therefore seems more likely that MTAB would 
favor the process of MT reorientation over disassembly/ reassembly. 
..... 
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6.4.4 The Nature of Putative Microtubule Assembly Sites in Internodal Cells 
The observation that purified tubulin can assemble into MTs when perfused 
into internodal cells of Nitella - even in the presence of a buffer that would not, on 
its own, support MT assembly - suggests that there are elements present which 
favor MT initiation. The ability to promote the assembly of purified brain tubulin 
under conditions it would not otherwise be able to has been considered diagnostic 
for MTOCs (Allen & Borisy 1974; Binder et al. 1975; Weisenberg & Rosenfeld 
1975; Brinkley et al. 1981 a & b; Stearns & Brown 1981; Mitchison & Kirschner 
1984a). For the first time, such activity has been demonstrated in a non-flagellated 
plant cell. 
The MTs formed after perfusion of purified brain tubulin in NAB are not 
merely randomly assembled but appear to be arranged in specific locations, 
especially around the nuclei in the endoplasm and also from sites in the cortex. 
These resemble the same sites deduced from oryzalin recovery experiments (Ch. 5) 
to be the location of MT assembly. It will be important to establish with certainty 
that the cortical sites in the perfused cell cortex are the same as cortical assembly 
sites in oryzalin-recovering cells. 
Characterization of the assembly-promoting elements located in internodal 
cells is now a realistic goal. It could be achieved by adding back to the tubulin 
solution various cytoplasmic fractions isolated from internodal cells to see if 
specific proteins can produce assembly patterns that more closely resemble those 
of recovering cells. Similar use of common agents of tubulin assembly could also 
be valuable. In the present investigation, for example, the inclusion of ATP in 
assembly buffer caused net-like arrays to be formed. This may be significant, with 
regard to intertubule crosslinking which may require energy in the form of ATP 
(McIntosh 1973; Gibbons 1977; Sale & Satir 1977; Green 1980). 
It is possible that the putative MTOCs of Nitella internodal cells favor MT 
assembly in a manner that is similar to other MTOCs, that is, by lowering the 
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critical tubulin concentration necessary for MT initiation, (De Brabander et al. 
1980), by capping of the slow growing end of MTs (Euteneuer & McIntosh 1981a) 
or by conferring a kinetic advantage to MTs by promoting nucleation (Mitchison & 
Kirschner 1984a). Although the putative assembly sites have not yet been 
identified and characterized, it is now almost certain that specialized elements exist 
even if they are not associated with specific cell structures. In this regard, it is 
interesting that some animal cells have peripherally-organized MTs that do not 
associate with classic MTOCs. Some examples include the MTs of nerve axons 
(Bray & Bunge 1981; Sasaki et al. 1983) and the cortical MTs of certain insect 
epidermal cells which in many respects resemble the cortical arrays of plant cells 
(Tucker 1979; Mogensen & Tucker 1987). The recent demonstration that MT 
assembly and organization can occur in centrosome-free fragments of teleost 
melanophores (McNiven & Porter 1988) is convincing evidence that non-
centralized MT assembly is possible. The fact that MT assembly at centrosomes 
appears to be initiated from pericentriolar material rather than from centrioles 
(Gould & Borisy 1977; Berns & Richardson 1977) suggests, in any case, that the 
well defined MTOCs may merely represent the sites at which nucleating elements 
are anchored. 
6.4.5 Patterns of Microtubule Assembly at Sites in the Endoplasm 
Endoplasmic MTs were most frequently associated with nuclei, either 
clustered around single nuclei or forming extensive, interconnected arrays 
incorporating one or more nuclei. Diffuse fluorescent labelling of nuclei indicated 
that there was an affinity for tubulin. Non-biotinylated control perfusions 
suggested that most of this fluorescence could not be attributed to a specificity of 
the nucleus for the biotin attached to tubulin subunits. Prolonged incubation of 
intemodal cells with MTAB without exogenous tubulin also promoted intense 
labelling of nuclei (see Fig. 6.4). This observation suggests that the endogenous 
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tubulin may also have an affinity for the surface of nuclei. Such affinity for tubulin 
supports the idea that the nuclear surface may also promote MT assembly. That 
the nucleus is a site for MT assembly in plant cells has already been suggested 
(Bajer & Mole-Bajer 1986b; Bakhuizen et al. 1985; De Mey et al. 1982; Schmit et 
al. 1983; Dickinson & Sheldon 1984; Clayton et al. 1985; Wick & Duniec 1984; 
Wick 1985; Ch 5). The results of this perfusion assay provide further supporting 
evidence. 
MTs without apparent organizing loci were also observed in the endoplasm 
even when NAB was applied. These arrays, which in some cases formed extensive 
swirling bundles of MTs (e.g . Fig. 6.25 & 6.26) may have been nucleated by non-
nuclear sites that are not visible with light microscopy. Alternatively they might 
have assembled at sites that subsequently became detached from the nuclear 
surface. These assemblies of MTs were unlike those seen in the endoplasm of 
untreated cells in that they often displayed MT bundling and branching. Such 
unusual characteristics are not unexpected. The properties of MTs assembled from 
purified exogenous tubulin could reflect differences in tubulin isoforms, the 
depletion or removal of endogenous MAPs or other assembly agents from the cell 
or a change in physiological conditions, all of which can affect the morphology of 
MTs (Brinkley 1985). 
6.4.6 Limitations of Microtubule Assembly in the Cortex 
MT assembly from purified tubulin in NAB was not detected in the cortical 
cytoplasm unless some disruption of the chloroplast layer had taken place. The 
abundance of MTs between the chloroplast layer and the plasma membrane 
suggests that this location is favorable for MT assembly and stability. By 
comparison, relatively few MTs were observed if the chloroplast layer was 
removed completely. 
.. 
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Why does the assembly of MTs in the cortex from purified brain tubulin take 
place only when the chloroplast layer is disrupted? It may be that chloroplasts 
collapse against the plasmalemrna when the soluble cortical material is extracted 
by perfusion. Partial disruption to the chloroplast layer might reintroduce the space 
necessary for MT assembly. Alternatively, localized damage might stimulate 
tubulin assembly in the same way that localized damage might induce a wound 
response in vivo. 
6.4.6 Future Experiments 
The assembly of MTs from purified tubulin in the intemodal cells of Nitella 
demonstrates the existence of assembly-promoting factors. This represents a major 
achievement in the understanding of MT organization in plant cells. To refine the 
data described in this investigation, it will be necessary to: 
(1) define the nature of biotin labelling of nuclei and repeat the perfusion assembly 
experiment with non-biotinylated tubulin, 
(2) add inactive competitor protein to compete for nuclear assembly sites, 
(3) examine the apparent correlation between chloroplast disruption and 
stimulation of cortical MT assembly, possibly by wounding living cells, 
( 4) establish whether the cortical assembly sites seen in perfused cells are the same 
as those induced by oryzalin treatments, 
(5) characterize the structural aspects, if any, of the endoplasmic and cortical 
assembly sites by using electron microscopy, 
(6) determine the polarity of MTs radiating from assembly sites using hook 
decoration techniques, 
(7) characterize the biochemical aspects of MT assembly and orientation by adding 
cytoplasmic fractions to tubulin preparations in vitro and in perfusion, 
(8) repeat the tubulin perfusion experiments with purified plant tubulin, 
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(9) investigate the importance of tubulin concentration to MT organization by 
perfusing known concentrations of tubulin into internodal cells after partial 
recovery from drug induced MT disassembly . 
.. 
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6.5 CONCLUSION 
MT assembly patterns have been observed after Nitella intemodal cells were 
perfused with exogenous tubulin in various buffers. The demonstration that MT 
assembly in internodal cells can occur in a buffer that would not normally support 
MT assembly establishes that there are sites present that are capable of promoting 
MT assembly. These sites, located in the cortex and in the endoplasm, bear 
considerable resemblance to those deduced from oryzalin recovery experiments. 
Although this method is limited to the identification of preferred sites of MT 
assembly, it has nonetheless established, for the first time, that such sites are 
present in non-flagellated plant cells . 
- ... 
CHAPTER 6 - FIGURES 
In all figures, except 6.21 to 6.23, photographs are presented so that their 
relative orientation with respect to the cell axis and to each other is preserved. 
Thus, the long axis of each photograph parallels the vertical axis of the cell from 
which it was taken. All cells were viewed from the cortical side of the chloroplast 
layer so that some resolution of MTs in the endoplasm is lost. Unless otherwise 
stated, micro graphs represent fluorescent images. 
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Figs. 6.1 to 6.3. Effects of perfusion of MT assembly buffer on MTs of Nitella intemodal cells. All cells were 
perfused for 40 minutes with MT AB with 1 mM GTP and processed for anti-tubulin immunofluorescence. 
Fig. 6.1. Through focus series of cortical MT array localized with anti-tubulin immunofluorescence. The 
photographs are from the same field of view and include the MTs closest to the plasma membrane (A) in 
mid focus (B) and some in lower focus (C) that are close to the chloroplast layer. 
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Fig. 6.2. Examples of randomization of cortical MTs after perfusion with MTAB. 
Different views from the same cell are shown in A, B and C. The neutral line 
region is seen in C. 
Fig. 6.3. Orientation of cortical MTs at neutral line. Through focus series 
showing MTs to the left (A), at (B) and to the right (C) of the neutral line. A: 
Upper focus showing cortical MTs to left of neutral line have retained their 
transverse orientation. B: At neutral line, many MTs are oriented parallel to 
the chloroplast files. C: To the right of the neutral line, the MTs again show 
distinct orientation. 
Fig. 6.4. Effect of perfusion of MTAB on anti-tubulin perinuclear fluorescence. A: 
Anti-tubulin immunofluorescence in cortex shows cortical MTs. Out of focus 
nuclei are also visible. B: Endoplasmic focus shows extremely intense anti-
tubulin nuclear fluorescence. C: Nuclei labelled with Hoechst 33258. 

Fig. 6.5. In vitro assembly of purified and biotinylated tubulin in MTAB. 
Biotinylated tubulin, localized with streptavidin-phycoerythrin has formed a 
meshwork of filamentous structures that are presumably MTs. Since the 
preparation was not washed prior to fixation, the blotchy labelling may be in 
part due to unpolymerized tubulin. 
Figs. 6.6 to 6.14. MT assembly in cells perfused with purified sheep brain tubulin 
in MTAB after removal of endogenous MT proteins. Biotinylated tubulin has 
been localized with streptavidin-phycoerythrin. 
Fig. 6.6 to 6.10. 20 minute incubation. 
Fig. 6.6. Small, fan-shaped cluster of MTs in the endoplasm. 
Fig. 6.7. A large cluster of MTs in the endoplasm. Most of these MTs are 
longitudinally-oriented, possibly due to flow alignment. 
Fig. 6.8. Through focus series of endoplasmic MT array. Most of these MT 
appear to radiate from a focus in the upper left corner with "cross-bridging" 
MTs also observed. 
Fig. 6.9. MTs associated with two nuclei. Perinuclear fluorescence is very bright 
and a few short MTs, projecting from the nuclear surface are visible. A & B: 
MTs seen in two focal planes. C: Bright field view of nuclei, positioned in the 
neutral line. 

Fig. 6.10. Preferential assembly of MTs around nuclei. A, B & C: Through focus 
series in endoplasm showing MT assembly from 5 nuclei. D: Nuclei (arrows) 
visible through chloroplasts which are slightly out of focus. Bright Field 
image. 

Fig. 6.11 to 6.14. 75 minutes incubation of purified tubulin in MTAB. 
Fig. 6.11. MTs in the cortex are relatively short and arranged in branched patterns. 
Speckled fluorescence is also observed in the cortex. 
Fig. 6.12. After 75 minutes incubation, nuclei remain very bright but no 
perinuclear MTs are observed. A: Nuclei are heavily labelled with SA-PE, 
suggesting that the biotinylated tubulin has great affinity to the nuclear 
surface. B: Nuclei labelled with Hoechst 33258. 
Fig. 6.13. A: A small cluster of endoplasmic MTs close to the chloroplast layer 
(center) and a brightly-labelled nucleus (upper right). B: Nucleus labelled with 
Hoechst 33258. C: Bright field image of chloroplast array showing 
considerable disruption. 
Fig. 6.14. Affinity of biotinylated tubulin for nuclear surface. A: SA-PE labelling 
of biotinylated tubulin located near the nuclear surface. B: Hoechst 33258 C: 
Bright Field and fluorescent image combined to show chloroplasts and 
nucleus respectively. 

Figs. 6.15 & 6.16. Assembly of MTs from purified tubulin in internodal cells 
without prior removal of MT proteins . Cells were perfused for 1 hour with 
purified tubulin in MTAB-2. 
Fig. 6.15. A, B & C: Through focus series of endoplasmic MTs labelled with SA-
FITC. D: Anti-tubulin immunofluorescence using a phycoerythrin-conjugated 
secondary antibody localized cortical MTs that were not visible with the FITC 
filter combination. There was no FITC signal from the cortical region. This 
suggests that the exogenous purified tubulin only assembled into MTs in the 
endoplasm and that the cortical MTs were residual endogenous MTs. 
Fig. 6.16. Under these conditions, the MTs assembled in the endoplasm were 
generally associated with nuclei. A: SA-FITC. MTs connected to nuclei 
which also show specificity for biotinylated tubulin. B: Hoechst 33258. 
Fig. 6.17. Comparison of distribution of biotinylated and total tubulin in a cell 
perfused for 90 minutes with purified tubulin in MTAB-2. A: Biotinylated 
tubulin, localized with SA-FITC. Tubulin is found only at the nuclear surface. 
B: Anti-tubulin immunofluorescence using PE-conjugated secondary 
antibody. In this cell, MTs are found predominantly in the cortex (not in 
focus) whereas endoplasmic labelling with anti-tubulin is diffuse and located 
around the nuclei as in a. C: Hoechst 33258. 

Figs. 6.18 to 6.20. Assembly patterns of purified tubulin in MTAB-2 with 1 mM 
ATP. 
Fig. 6.18. MT cluster in the cortex. 
Fig. 6.19. Net-like MT assemblies in the endoplasm. 
Fig. 6.20. Extensive MT assemblies in the endoplasm and associated nuclei. A: 
MTs have formed a spreading, net-like array. B: Hoechst 33258. 

Figs. 6.21 to 6.33. MT assembly from purified brain tubulin after perfusion into 
Nitella internodal cells in non-assembly promoting buffer (NAB). The 
photographs shown in the following figures are from cells that were incubated 
for 2 hours. Biotinylated tubulin was localized with SA-FITC. 
Figs. 6.21 to 6.23. MTs that appear to be attached to the plasma membrane. The 
chloroplast layer which normally separates the cortex from the endoplasm has 
been removed by rapid initial perfusion. These MTs are of very unusual 
twisted morphology. 
Fig. 6.24A, B & C. Through focus series from same field showing vast number of 
MTs radiating from a common area in the cortex (upper right). D: Bright 
Field image shows partial removal of chloroplast array. MT distribution is 
largely restricted to the region of the cortex where the chloroplast array is still 
intact. 

Figs. 6.25 & 6.26. Coiled bundles of MTs assembled in the endoplasm. These 
arrays of MTs show no obvious attachment to any structure visible in the light 
microscope. 
Fig. 6.27. In a region where partial removal of the chloroplast array has taken 
place, as indicated by the bright field image (B), MTs (A) are seen near the 
chloroplast layer. In the upper left of the photograph (A) MTs appear to run 
between chloroplasts. The MTs in the central region of 6.27 A have formed an 
extensive network. 

Fig. 6.28. Interconnected network of MTs in the endoplasm. 
Fig. 6.29A. MTs in endoplasm forming a network between nuclei which have 
biotinylated tubulin-specific fluorescence. B: Hoechst stained nuclei. 
Fig. 6.30. Through focus series of MTs radiating from a focus near the chloroplast 
layer. A: Upper focus shows MTs in cortex (left side of photograph). B: Mid 
focus shows MTs at level of chloroplast layer. The long MT running down is 
below the chloroplast layer; the overlying chloroplasts have produced the 
periodic attenuation along its length. C: Lower focus shows MTs mainly in 
endoplasm. 
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Figs. 6.31 to 6.33. Cortical MTs assembled from purified tubulin. Three 
assemblies of MTs from adjacent regions of the same cell (A) all appear to 
radiate from foci located in the cortex. Some MTs appear to have become 
realigned (see right side of Fig. 6.31 A). Presumably this realignment has 
occurred by the flow of perfusion solution and not through binding for actin in 
which case and oblique orientation would be expected. The chloroplasts 
visualized with Bright Field (B) have been disrupted by rapid initial flow of 
perfusion solution so that gaps have been created . 

CHAPTER 7 
MICROTUBULE ORGANIZATION IN CHARACEAN INTERNODAL CELLS: 
A CONCLUDING DISCUSSION 
Indeed, any hypothesis which possesses a sufficient degree of plausibility to 
account for a number of facts will help us to arrange those facts in proper order and 
will suggest to us proper experiments either to confirm or refute it. 
Charles Babbage, 1815. 
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7.1 INTRODUCTION 
Over a quarter of a century has passed since Green proposed that "proteins of 
spindle fiber nature exist in the cortical cytoplasm (of plant cells) and are active in 
the control of wall texture and cell form" (Green 1962). Subsequent confirmation 
that "microtubules" were indeed located in the cortical cytoplasm of plant cells and 
the observation that these structures had the same orientation as wall microfibrils 
(mfs) (Ledbetter & Porter 1963; Hepler & Newcomb 1964) inspired a quest to 
understand the involvement of MTs in wall deposition and cell morphogenesis. 
Progress has been slow and even today, despite substantial supporting evidence, 
there is still some resistance to Green's proposal (see, for example, the recent 
review by Preston 1988). This is largely due to the discovery that MTs are not 
always involved in wall deposition (Neville & Levy 1984) and partly because none 
of the many proposed mechanisms by which MTs could control mf orientation 
(Heath 1974; Seagull & Heath 1980; Hepler & Fosket 1971; Schnepf 1974; Herth 
1980; Mueller & Brown 1980) has been fully substantiated. 
Although electron microscopy was indispensable for all early work, the 
development of immunofluorescence microscopy and the rapid progress in MT 
biochemistry has dramatically changed our concept of MTs in plant cells. The 
early impression was that cortical MTs are relatively static elements, comprising 
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"hoops" that encircle the cell just inside the plasma membrane. However, it is now 
generally believed that MTs exist as a population of separate, dynamic elements 
that can behave as an integrated unit to regulate morphogenesis (as well as other 
processes throughout the cell cycle) under potentially variable conditions. Whilst 
the involvement of MTs in wall deposition remains unresolved, much attention has 
shifted to the crucial question of how MTs are organized. 
The work presented in the preceding chapters of this thesis was carried out to 
provide a better description of MT arrangement in the cortex of elongating plant 
cells. It is appropriate that the internodal cells of Nitella were selected as a system 
I 
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for this work since it was observations with these cells that led to Green's 
postulation that elements of this nature are involved in wall patterning. Since then, 
characean internodal cells have contributed relatively little to the field of cortical 
MT research because of the problems of fixation for electron microscopy (Nagai & 
Rehbun 1966). This contrasts with their extensive use in studying actin's role in 
motility (Kamiya 1986). Through the successful application of 
immunofluorescence microscopy for studying MTs in these cells it was possible to 
make many observations about MT organization. The remaining discussion will 
summarize and consider the significance of these observations. 
7.2 MICROTUBULE DISTRIBUTION IN INTERNODAL CELLS 
Early observations with electron microscopy (Nagai & Rehbun 1966; Pickett-
Heaps 1967 a) verified the presence of cortical MTs in characean internodal cells. 
When immunofluorescence microscopy was applied (Ch. 2), it was possible to 
observe not only the arrangement of cortical MTs throughout the length of entire 
cells but also to carry out a survey of MT distribution in non-cortical regions. 
Thus, in addition to the prominent sub-plasmalemmal cortical MT array, MTs were 
also localized in the sub-cortical region running parallel to the actin cables and 
associated with the endoplasmic nuclei. 
7.3 MICROTUBULE ASSEMBLY SITES 
In addition to characterizing the distribution of MTs in internodal cells, it was 
of interest to define sites capable of promoting MT assembly. Two approaches 
were used: 
(1) in vivo assembly of MTs after drug-induced de polymerization (Ch. 5) and 
(2) a semi-in vitro assay of MT assembly in cells perfused with purified exogenous 
tubulin (Ch. 6). 
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The results of these studies suggest that MT assembly sites occur in both the cortex 
and in the endoplasm. 
Many researchers (De Mey et al. 1982; Bakhuizen et al. 1984; Wick & Duniec 
1984; Bajer & Mole-Bajer 1986b; Sheldon & Dickinson 1986) have suggested that 
the nucleus serves as a nucleating site for MTs and that MTs assembled at the 
nuclear envelope radiate towards the plasma membrane where it is thought (Lloyd 
1987) they can be subsequently and independently organized. 
Disassembly/recovery experiments (Ch. 5) with multinucleate Nitella internodal 
cells detected MTs around nuclei only after considerable assembly had already 
taken place in the cortex. It therefore seems likely that the nuclei of Nitella are 
sites for MT nucleation but that the MTs of the endoplasmic and cortical arrays are 
independently nucleated and organized. Perfusion of exogenous tubulin into 
intemodal cells (Ch. 6) resulted in MT assembly around nuclei and at sites in the 
cortex, supporting the idea that MT nucleation can occur in both locations. The 
cortical sites, however, were not as clearly defined as in disassembly/recovery 
experiments. 
7.4 MICROTUBULE ASSEMBLY PATTERNS 
During recovery from oryzalin-induced depolymerization (Ch. 5), cortical 
MTs were arranged in assemblies whose branching patterns suggested that MTs 
were assembled at sites along existing MTs. The arrangement of MTs was very 
consistent; MTs abutted at acute angles so that the angular dispersion of "branch" 
MTs at the fringes of such assemblies was much greater than that of earlier 
assembled "trunk" MTs. MT arrangements like these have not been previously 
documented in cortical arrays of plant cells. The MT "fir trees" of kinetochore 
fibres observed in Haemanthus endosperm cells (Inoue et al. 1985; Bajer & 
Mole-Bajer 1986b), onion root cells (Palevitz 1988) and in the alga Oedogonium 
(Schibler & Pickett-Heaps 1987), may be arranged in a similar way. As recovery 
-
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proceeded, branching assemblies became less extensive and were less conspicuous 
amidst the predominantly transverse array of young cells but could still be 
recognized in fully recovered cells. On examining untreated cells more closely, 
branching assemblies were also recognized. Thus, these configurations could 
represent a sub-population of MTs that are continuously assembled at a variety of 
angles, possibly for incorporation into the transverse MT array of elongating cells. 
Interestingly, MTs in branching clusters were selectively labelled with an anti-
tubulin monoclonal antibody (Ch. 2) that was raised against purified plant tubulin. 
Since the transverse MTs are not detected with this antibody, it is likely that they 
are modified antigenically in the process of being oriented transversely. Although 
this investigation is still at a early stage, it provides the first evidence that MT 
orientation may involve a change in the MT antigenicity. Possible modifications 
include the binding of MAPs to the MT surface or the cross-linking of MTs to the 
plasma membrane which could obscure the antigenic site recognized in newly 
assembled MTs. It would be interesting to apply this antibody to partially 
recovered cells (which should be enriched with MTs in branching assemblies) to 
see if the newly assembled MTs are labelled. The nature of MT-MT interaction in 
these branching clusters could also profitably be studied with electron microscopy. 
7.5 MICROTUBULE CO-LOCALIZATION WITH ACTIN 
Recently there has been much attention directed to the possible co-localization 
of MTs with actin filaments. Advances in preparation methods for electron 
microscopy such as dry-cleavage and freeze substitution have resulted in the 
preservation of fine filaments amongst cortical MTs (Hawes 1985; Traas 1984; 
Traas et al. 1985; Lancelle et al. 1986; Tiwari et al. 1984). Similarly, phalloidin 
labelling of filaments in the cortex of plant cells has been achieved with specialized 
preparation methods for fluorescence microscopy (Traas et al. 1987; Kakimoto & 
Shibaoka 1987b). Anti-actin immunofluorescence has also been successfully used 
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to demonstrate MT-actin filament co-alignment in Bryopsis (Menzel & Schliwa 
1986). 
The distribution of actin in intemodal cells of Chara has been examined with 
anti-actin immunofluorescence (Williamson & Toh 1979; Williamson et al. 1987) 
and fluorescently-coupled phallacidin (Barak et al. 1980) but these studies have 
only described the prominent actin cables that are involved in cytoplasmic 
streaming and are located almost exclusively in the sub-cortical region. No cortical 
arrays of actin filaments such as those described in other plant cells (Traas et al. 
1987; Kakimoto & Shibaoka 1987a) have been observed. As reported in Chapter 
2, a survey of actin distribution in internodal cells of Nitella tasmanica was 
negative for such filaments. Anti-actin in aldehyde-fixed cells identified sub-
cortical cables and, for the first time, filamentous rings on the nuclei but did not 
show any sign of actin filaments co-aligning with the cortical MTs. A non-fixation 
method was also attempted whereby fluorescently-coupled phalloidin was perfused 
into cells in a stabilizing buffer (not shown). This also resulted in labelling of the 
actin cables but was negative for cortical filaments. Interestingly, whilst actin co-
localization with cortical MTs was not observed, a small number of MTs appeared 
to be co-aligned with the sub-cortical actin cables. While this observation does not 
provide evidence that actin filaments co-localize with cortical MTs, it does suggest 
that actin-MT interaction can occur in characean intemodal cells. 
7.6 CORTICAL MICROTUBULE ORIENTATION, CELL 
MORPHOGENESIS AND DEVELOPMENT 
The supposition that MTs influence the orientation of wall mfs and therefore, 
the direction of cell expansion has been supported by observations in many plant 
cells of parallel alignment of MTs and mfs. Preliminary examination of cortical 
MTs in Nitella internodal cells with immunofluorescence and inner wall replicas 
with electron microscopy (Ch. 2) indicated that the orientation of MTs and newly 
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deposited mfs was similar. In young, rapidly elongating cells, MTs and mfs were 
transverse but in older, non-growing cells, the MTs and mfs appeared to be 
randomly-oriented. 
Owing to their enormous size and predictable growth pattern, it is possible to 
accurately measu~e internodal cells and follow their growth throughout 
development. This made it possible to document the MT orientation patterns of 
Nitella internodal cells at different stages of development in the same way Green 
(1958) documented changes in wall texture. It was also possible to carry out 
computer-assisted quantitative analysis of MT images due to the excellent 
resolution achieved with the vacuolar perfusion method of immunofluorescence 
and because large areas of cortical MT array could be photographed. Thus, 
unprecedented data on MT orientation, length distribution and density were 
collected and correlated with cell age and growth rates. 
The results of this part of the study are discussed in detail in Chapter 3 but 
they will be briefly summarized for the present discussion. In young, rapidly 
elongating internodal cells, MTs are predominantly transverse and as the rate of 
elongation decreases towards growth cessation, MTs become increasingly 
dispersed about the cell's long axis until in non-growing cells they appear to be 
arranged randomly. While mf orientation in Nitel/a axil/aris (Green 1958; 
Richmond 1983) undergoes similar changes throughout development, it is not 
certain that it is always controlled by MTs. A survey of MT orientation patterns in 
internodal cells of Chara corallina (Ch. 4) revealed a different arrangement of 
MTs around the time of growth cessation. It seems possible that MTs may lose 
their control over mf orientation when growth cessation is at hand. This is 
consistent with the recent claim that the wall of Nitella internodal cells is organized 
as a helicoid (Neville & Levy 1984) which is believed to arise through self-
assembly of mfs (Neville et al. 1976), not co-alignment with MTs. Contrary to 
Neville & Levy's (1984) claim, however, it is unlikely that a helicoidal wall pattern 
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exists in elongating cells. Apart from the difficulty understanding how such a wall 
could regulate directed cell expansion, treatment of growing cells with the 
herbicide oryzalin, which specifically causes MT disassembly , resulted in 
isodiarnetric growth (Fig. 1.1; cf. Green 1962, 1963 for colchicine and Green et al. 
1970 for trifluralin). Thus MTs appear to be required for the direction of mf 
orientation in growing internodal cells but might lose this function in later stages of 
development, particularly in non-expanding cells. 
Future investigations should include a correlative survey of MT and mf 
orientation for cells at known stages of development to establish, with certainty, at 
what stages and to what extent MTs control wall deposition. Immunofluorescence 
and electron microscopy could be carried out for the same cells to compare MT and 
rnf orientation respectively. 
7.7 MICROTUBULE STABILITY AND DYNAMICS 
One of the greatest puzzles of plant cell morphogenesis is how a MT array can 
be maintained in a transverse orientation while the cell is expanding. The earliest 
impression, from electron micrographs, was that MTs formed unbroken, static 
hoops (Ledbetter & Porter 1963; Hepler & Newcomb 1964). It was not until the 
late 70's, owing largely to the painstaking serial sectioning work of Hardham 
(1978) that cortical MTs were no longer considered to be complete hoops. Rather, 
MT arrays appeared to be "composed of overlapping, component MTs, which are 
short relative to the dimensions of the cell" (Hardham & Gunning 1978). Such an 
arrangement of MTs has the advantage of being capable of rapid adjustment, 
through MT growth or shrinkage, assembly or disassembly. Green (1980) 
suggested that such short MTs could be oriented transversely by maximizing 
overlaps between adjacent MTs, thus forming a self-cinching loop whose most 
stable position of minimum circumference is transverse. Recently, this model has 
been modified to account for the variety of orientations from transverse through 
-
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oblique to longitudinal that are observed in certain higher plant cells when the 
technique of whole cell immunofluorecence is applied. Lloyd & Seagull's 
dynamic spring model (1985) proposes that MTs are organized as a helix that can 
change direction as an integral rather than fragmentary array through inter-tubule 
sliding. This model relies on the occurrence of cross-bridging between MTs and 
the ability of MTs to undergo changes in direction by a mechanism that has not 
been clearly specified but with minimal assembly or disassembly. 
The MT organization in characean internodal cells does not accord with the 
dynamic spring model. Quantitative analysis of MT orientation in Nitella showed 
that although oblique and longitudinal MTs were often present, at no stage of 
development could the array be described as helical (despite conspicuous helical 
features of the cell). The array would be better described as fragmentary with 
relatively short MTs showing considerable local angular variation while 
contributing to an overall orientation. Furthermore, in early recovery from 
oryzalin-induced disassembly (Ch. 5), the first MTs to assemble were well 
dispersed yet had transverse orientation. It seems unlikely that such alignment 
could be the result of intertubule cross-bridging. Even in Chara, which at about 
the time of growth cessation displays local shifts in orientation from transverse to 
longitudinal (Ch. 4) while maintaining the MTs in reasonably parallel order, the 
array can not be described as helical since it does not form a continuous spiral. 
Although MTs are locally parallel, they never remain oriented consistently while 
circumscribing the cell but instead the array exhibits sudden shifts in orientation 
that contradict the image of an array controlled by a spring-like mechanism based 
on sliding between adjacent MTs. 
The emerging picture of MT organization in characean intemodal cells is one 
of a fragmented rather than integrated array. The maintenance of transverse 
orientation throughout the extensive (about 30 day) period of elongation does not 
appear to rely so heavily on interaction between MTs as has been proposed for 
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other plant cells. Perhaps cross-bridging of MTs to the plasma membrane (also 
considered a potential mediator of MT orientation) plays a major role in the 
organization of MTs in these cells. Such linkages could mediate orientation from a 
plasma membrane-based template. They could also confer stability to MTs so that 
transverse MTs, through capping, would be less prone to catastrophic disassembly 
than unlinked, non-transverse MTs. Thus, the process of dynamic instability 
(which has been documented in living cells [Schulze & Kirschner 1986, 1987]) 
could be involved in the regulation of MT orientation in these cells. The changes 
in orientation seen at later stages of development could easily result from 
disassembly-reassembly rather than MT pivoting. Similarly, the changes in 
orientation observed in the "helical" MT arrays of higher plant cells could also 
result from disassembly-reassembly. Direct evidence that intertubule sliding takes 
place is still lacking. 
7.8 FACTORS CONTROLLING MICROTUBULE ORIENTATION 
MT orientation is related to cell development. Rapid expansion correlates 
with transverse orientation and as the rate of growth declines so does the 
proportion of transversely-oriented MTs. In cells that are no longer growing, MTs 
are apparently randomly oriented. Thus, a factor that controls growth might also 
affect MT orienting mechanisms. The possibility that MT orientation is based on 
interaction with the plasma membrane has been considered in the previous section 
(7 .7). Changes in membrane fluidity affect the ability of epithelial cells to organize 
sub-plasma membrane MT cytoskeletons (Sauk et al. 1987) so membrane fluidity 
could be one property that is adjusted to affect MT organization. The possibility 
that MT orientation is somehow regulated by strain has also been discussed in 
Chapter 3. Whilst it is plausible that MT behaviour (for example, MT-plasma 
membrane cross-linking) might respond to changes in the strain environment of the 
plasma membrane or cytosol, such a mechanism does not adequately account for 
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how the orientation of MTs could be regulated. Transverse MT orientation was 
achieved in recovery experiments (Ch. 5), even after the direction of strain could be 
expected to have been altered by 24 hour oryzalin treatments and even in slowly 
growing, older cells in which strain would be almost negligible. Future work 
should include an investigation of MT recovery in physically-constrained cells and 
under conditions of reduced turgor. 
Electrical activity is well documented in plant cells, especially characean 
internodal cells (Walker & Smith 1977; Toko et al. 1985, 1987, 1988) where the 
electric potential across the plasma membrane ~an fluctuate along the length of the 
cell as proton extruding and importing bands are set up. Electrical currents could 
be one factor involved in the regulation of MT orientation. White and co-workers 
(personal communication) have recently demonstrated that if regenerating 
M ougeotia protoplasts are held in an electrical field, the cells will all elongate in 
the same direction, parallel to the gradient with MTs, therefore, perpendicular to it. 
Whether this response is due to a direct effect on MTs has not been determined but 
it is not unreasonable to assume that the orientation of MTs - which themselves are 
inherently polar structures - could be influenced by such a force. 
~9FUTUREEXPERIMENTS 
The characean internodal cell has once again proven to be a valuable 
biological specimen. Cortical MT organization and recovery has been described 
quantitatively in unprecedented detail and for the first time, the existence of sites 
that are capable of initiating the assembly of exogenous tubulin in plant cells has 
been documented. The aims of future investigations include: 
(1) following MT behaviour in vivo, in real time, under normal conditions and in 
the presence of various physical and chemical constraints, utilizing microinjection 
of fluorescently-coupled tubulin and low light video fluorescence microscopy, 
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(2) examining the nature of MT-MT and MT-plasma membrane interaction with 
electron microscopy and 
(3) carrying out an investigation of MAPs, their localization and function in the 
organization of the cortical MT array. 
Although these plans are ambitious, their achievement would represent a major 
contribution to MT research and plant cell biology. The concept of cortical MTs in 
plant cells arose from work exploiting the valuable features of characean internodal 
cells (Green 1962); those same features should assist the return of charophytes to 
the forefront of MT research using contemporary cell biological techniques. 
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